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Abstract

Manipulating the flow of light is critical in the design and fabrication of
light-based devices ranging from solar cells, smart cameras, liquid crystal display
(LCD) screens, projectors and light emitting diodes (LEDs). Thin films configured
with spatial patterns or modulations in refractive index exhibit strong and richly varied
interactions with light beams. In this thesis, we show that embedding planar films with
specific geometries of waveguide lattices allows precise control over the inflow and
outflow of light. Specifically, we demonstrate the fabrication of a new class of
waveguide-encoded polymer films that are generated through a single-step, room
temperature technique. Here, waveguide encoded lattices with a range of symmetries
are spontaneously inscribed in photopolymerizable resins by self-trapped beams of
incandescent light. We describe the generation of lattices consisting of five
intersecting arrays of waveguides, which confer a range of unprecedented properties
including a large, panoramic field of view (FOV) infinite depth of field and multiple
imaging functionalities including focusing and inversion. We have also fabricated
lattices inspired by natural arthropodal compound eyes, which comprise a radial
distribution of waveguide and in turn impart a continuous, enhanced FOV. We
demonstrate the application of these films in controlling the beam profiles of LEDs
including their divergence and convergence. Finally, we show that thin films patterned
with a periodic array of planar waveguides serve as effective beam steering coatings,
which deflect light away from the metallic front contacts of commercially available

solar cells and in this way, increase their efficiency.
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angular directions of the waveguides in the RDWELs. Blue lines depict the
transmission traces of the normal incident light through a bare Fresnel lens. The red
ones indicate the transmission traces through the Fresnel lens, a photomask and the
photopolymerisable SAMPIE..........coveiiiie e 125
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focused through a plano-convex lens (L) onto the beam steering coating (S), which was
mounted on a translation station (resolution £10 um). The spatial intensity profile of the
beam at the exit face of S was imaged onto a CCD chip. (b) Images in the first column
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(dark orange) in the coating; black dotted line indicates X = 0 um. Corresponding spatial
intensity profiles of the beam at the exit face of S are provided in the second column.
Images (1) to (10) correspond to x = 750 um, 250 um, 200 pm, 175 pm, 50 pm, 0 um,
=50 um, —100 um, =500 pm, and —750 pum, respectively, where the “—" refers to the
laser beam entering the film from the left side of the waveguide. Dotted white lines in
the spatial intensity profiles trace the trajectory of the beam in the absence of a
waveguide. Scale bar = 200 um. (c) Plot of the displacement (Ax) of the incident beam
(relative to its trajectory in the absence of a waveguide) at the exit face of the sample.
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Chapter 1 Introduction

Optical fields transmitting in nonlinear media induces changes to the physical or
chemical properties of the media, which in turn change the propagation behaviors of the
optical field. These reciprocal light-matter actions lead to various interesting nonlinear
optical phenomena, which may applied in a wide range of applications.

In the first part of this introduction chapter, a general description of nonlinear light
propagation relevant to the studies is presented, which includes optical self-trapping
and optical modulation instability. Thereafter, conventional optical media include Kerr
media and photorefractive crystals and nonconventional photopolymer media which
support the nonlinear light propagation is presented. The third part talks about the study
of self-written waveguide structures in photopolymer systems, followed by a section
describing two specific photopolymer systems — epoxide and acrylate based systems -
which are employed in the following projects. The next section gives a brief
introduction on natural and artificial compound eyes, as most of the waveguide
structures studied in this thesis are inspired by the compound eyes. Finally, the research

objectives and chapter arrangement of this thesis are presented.
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1.1. An introduction to nonlinear propagation of light
1.1.1. Self-trapping of light waves

A continuous wave (cw) light beam propagating through most dielectric media
(dispersive linear materials) suffers spatial broadening, due to natural diffraction. This
can be understood by treating the beam as a linear superposition of plane-waves, each
propagating along slightly different directions, thus having different phase velocities
relative to the propagation axis. However, when travelling through a nonlinear medium,
the light beam induces a structural change to the medium and modifies the property of
the material, which in turn changes the propagation behavior of the original input light
beam.

For instance, when a Gaussian-profile beam is propagating along z axis in a linear
medium, the phase fronts undergo slight angular deviation thus propagate at different
phase velocities with respect to z axis, which leads to a curved phase front acting similar
to a concave lens and causes the beam to broaden in diameter and weaken in intensity
(Figure 1.1a)." When this beam travels through a medium that leads to
intensity-dependent change in refractive index (An), it induces a refractive index
change which mirrors its intensity profile (Gaussian) along its path. This is essentially a
positive lens, which causes the beam to self-focus along its propagation axis (Figure
1.1b). Under certain conditions, the self-focusing effect would exactly counterbalance
the divergence of the beam, leaving the beam to propagate in the material over long
distance (>> Rayleigh length) without broadening and retain its original spatial
intensity profile (Figure 1.1c). This unperturbed beam is call a “self-trapped” beam, or a

spatial soliton.?
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Figure 1.1. Schematic illustrations of the spatial beam profiles, output phase-front, and
output intensity of a propagating beam as it undergoes: (a) natural diffraction; (b)
self-focusing; and (c) self-trapping. Reproduced with permission from Ra’ed Malallah,
Haoyu Li, Damien P. Kelly, John J. Healy and John T. Sheridan, A review of hologram
storage and self-written waveguides formation in photopolymer media; published by
MDPI, 2018."

The propagation of an optical beam in photoresponsive materials can be described

using the nonlinear Schrédinger (NLS) equation:®*
2ikng (0¥ /0z) + V2 W + k?(n? —ny®> )¥ =0 (1-1)

Where ¥ is the amplitude of the electric field E = We™Z? 7 is the propagation
direction, k = 2m /A is the angular wave vector, n and n, refer to the refractive index
of the exposed and non-exposed region, respectively. The first term 2ikn, (0% /0z),
describes the propagation of light in a photo responsive medium, while the second term
V2, ¥ (where V2, = (0%2/0x?) + (0?/0y?)) describes the natural diffraction of the
beam, and the third term: k?(n? — ny?)¥, indicates the self-focusing of the beam due

to the self-induced refractive index changes (n — n,) along the propagation path. The
3
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self-trapped beam or soliton can be obtained by solving the Shré&linger equation
presented above.

Self-trapping has been well studied in coherent laser light over 50 years.” Kerr
media (vide infra) provides an ideal platform for conducting theoretical studies on
solitons. However, experimental demonstration of solitons is restricted to one
dimensional beam in a slab waveguide,® as beams self-trapping of a (2+1) dimensional
(written as “(2+1) D” in the following content) beam in Kerr media is unstable, which
eventually breaks into filaments.”®

The first experimental demonstration of spatial soliton was reported in 1974 by
Ashkin and Bjorkholm, who launched a circularly symmetric laser into a sodium vapor
(a nonlinear medium).’ It took over 10 years for the next experimental demonstration of
self-trapped beam — a 1-D spatial solition, when Barthelemy et al. irradiated a
reorientational CS liquid crystal with a coherent light source.™® It took nearly another
10 years until the first stable 2-D solitons was observed in a photorefractive crystal.**
For a long period of time, spatial solitons are considered exclusive to coherent optical
fields.

The self-trapping of incoherent light was first discovered in 1996 when Mitchell et
al. passed a partially spatially incoherent laser light into a photorefractive crystal.*?
Soon after, self-trapping of incoherent white light was observed when an incandescent

1.** An incandescent beam, unlike a

beam was launched into the photorefractive crysta
coherent laser beam, is a chaotic** entity of visible and near infrared (NIR) waves,
which are poorly correlated in phase and amplitude (in other words: both spatially and

temporally incoherent). Consequently, the beam is an entireness of intensity speckles,
4
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which fluctuate randomly in space at the femtosecond (fs) timescale.™

To achieve self-trapped beam in incoherent optical fields, three prerequisites®*?
must be obeyed. Firstly, a non-instantaneous photoresponse is required that is delayed
as compared to the fs fluctuation of the irradiation. Under this condition, changes in
refractive index are induced by the time-averaged intensity of the beam, thus random
phase fluctuations are effectively cancelled out. Secondly, the optical power should be
conserved, which requires that the waveguides induced during self-trapping must be
multimoded to support the multiple optical modes constituting white light. Thirdly, the
white light beam should be always confined to the self-induced waveguide, and the total
intensity resulting from the time-averaged distribution of waveguide modes (intensity at
waveguide exit face) must correspond to the time-averaged intensity of the white light
beam (intensity at the waveguide entrance face).

Self-trapping of incoherent light has also been observed in systems other than

photorefractive crystals, such as in photopolymers.l'“;*17

1.1.2. Optical Modulation instability
Another nonlinear phenomenon closely related to self-trapping is modulation

instability (MI). Ml is a wide-reaching mechanism that describes the spontaneous

18-20

emergence of patterns in diverse systems including plasma waves™®?°, water waves®~

28 and electromagnetic waves®*

, etc. and over very large length scales (from the
galactic scale to atomic scale).?” During this process, noise — negligible amplitude and
phase perturbations in the otherwise homogeneous system - becomes greatly amplified

due to the integrated effects of nonlinearity and diffraction/dispersion®. In the spatial
5
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optical regime, MI particularly refers to the phenomenon when a broad and uniform
beam passing through a photo responsive medium spontaneously breaks into large
population of microscopic light filaments to stabilize the amplified perturbation of the
optical field.?% Each of these light filaments is a self-trapped light beam (vide supra),
which propagates without changing in shape or intensity and inscribes a permanent
waveguide along its path. Because they originate from adventitious noise -
uncorrelated decay of excited states in the white light source, the MI-induced filaments
(as well as the resulting waveguides) are positioned randomly in space, while
possessing statistically identical diameters;*® such amplification of a select frequency or
length-scale is characteristic of MI.?

Same as the case of self-trapping, M1 was firstly predicted and observed in coherent

beams®:3*

, thus has been believed for a time to only occur in coherent optical field,
until Soljacic et al. theoretically demonstrated the existence of the incoherent M1 in
2000, by solving the nonlinear paraxial wave equation of an incoherent beam in a
non-instantaneous medium.”® The growth rate g(a) of incoherent M1 was proposed in

this study, which is given as:?**°

99 = —(kyo/ko) el /o) + (k) (2= () @2)

Where k is the wave vector, a is the spatial wave vector of the perturbation, I, is the
intensity of the incident beam, x = d(An)/dI represents the marginal nonlinear
refractive change affected by the optical intensity I,; and (k,,/k) refers to the width
of the angular power spectrum, and describes the spatial incoherence of the beam. This

equation indicates that for a given degree of coherence, incoherent MI occurs only
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when the nonlinear refractive index change kI, exceeds a specific threshold: n, X
(k,o/k)?. It also indicates that at a fixed value of the coherence and nonlinearity, the
incoherent MI has a maximum growth rate at a preferred perturbation period (or spatial
frequency), which leads to the formation of ordered patterns.*

The first experimental evidence of incoherent MI was given shortly by the same
group, who passed a partially spatially incoherent but temporally coherent laser light
into a strontium-barium-niobate crystal — a non-instantaneous nonlinear medium.*
Several prerequisites® of incoherent M1 were proposed in this study including: (1)
non-instantaneous media with much slower response versus the fs phase fluctuation of
the optical wavefront is inevitable for the MI to occur; (2) a sharp threshold nonlinearity
should present above which quasi-periodic patterns would form and below which the
perturbations would decay; (3) the threshold is defined by the correlation distance of the
input source; and (4) the growth rate of M1 is restricted only by the saturation of the
nonlinearity.

This experimental verification paved the way for the proposed prerequisites to
become the guidelines for all the future incoherent MI works, and since then, Ml of
partially spatially incoherent beam has been widely reported.®*3 3% MIs of both
spatially and temporally incoherent light (such as white incandescent light) were also
predicted via theoretic studies®® and experimentally observed in photorefractive

crystals*! and soft matters including such as in photopolymer media*?°304245

etc.
1.2. Optical media supporting nonlinear light propagation

An optical field travelling through a nonlinear medium induces change to the
7
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property of the medium, which in turn modifies the propagation behavior of the optical
field. The behavior of the beam after the light-medium reciprocal action is dependent on
the on the polarization density vector P(r, t) of the medium and the electric field vector
E(r, t) associated with optical field travelling through the medium.*® In general, in a
bulk dielectric medium, the relationship between P and E can be expressed using the
Taylor series expansion as follows,*
P =eo(YVE + yPEE + y®|E|?E + ) (1-3)

Where €, is the dielectric constant of the medium in vacuum and y is the electric
susceptibility of the medium. For a linear medium, the polarization has a linear
relationship with the optical field, namely, P = e,xyVE . For Kerr media and
photorefractive crystals mentioned above, P is related to the nonlinear terms of the
expansion, and the change in refractive index arises from the higher order
susceptibilities y™ (where n >1).

Kerr media provides an ideal platform for conducting theoretical study on
self-trapping and solitons. In this type of materials, the nonlinearity arises from the
drifting of bound electrons induced by the electric field associated with the externally
applied optical field. This nonlinearity is represented by the 3™ term of 1-3. The
refractive index of Kerr media under nonlinear polarization is then given as®

n=ngy+ An =ngy + 2n,|E|? (1-4)
Where n, is the linear refractive index of the media, and An is the optically induced
refractive index change, which is proportional to the Kerr nonlinear refractive index
coefficient n, and the optical intensity |E|2.

Kerr media has several unique characteristics including (1) ultrafast response time
8
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(in fs timescale); (2) ultra-small nonlinear refractive index coefficient (eg: n, ~2x10™
cm W for AlGaAs) which requires ultra-large optical intensity (in the order of
GW em™) to realize efficient nonlinear light propagation:>’ (3) nonsaturable refractive
index changes which increase infinitely with increasing optical intensity until the media
is damaged, which hinders the stability of (2+1) D solitons;"® (4) nonpermanent
refractive index changes which disappear once the external optical field is removed.

Photorefractive crystals are typically dielectric or semiconductor crystals doped
with low-concentration photo-excitable impurities. The electrical/optical polarization
in these materials is represented by the 2" term of 1-3. This nonlinearity arises from the
redistribution of the non-equilibrium charge carriers (electrons and holes) induced from
the impurities by the electric filed associated with the optical field. The stabilization of
the charge separation results in the formation of the internal space charge field, which
leads to the refractive index change of the crystals.*® The change in refractive index in
photorefractive crystals induced by an electrical/optical filed is expressed as:*

An = —%n03reffE (1-5)

Where n, is the linear refractive index of the photorefractive crystal and 7, is the
effective electro-optic tensor.

Compared with Kerr media, the photoresponse process in photorefractive crystals
IS non-instantaneous (response time varies from nanoseconds to minutes, which is in
negative correlation to the applied optical intensity).*” These materials therefore only
see the time-averaged intensity profile of the optical beam, allowing the occurrence of
the self-trapping and modulation instability of beams with low-level coherence.® The

optical intensity required to achieve efficient nonlinear light propagation is much lower,
9
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usually in the range from mW e¢m? to MW €m™, which is easily experimentally
realizable.*” The change in refractive index in photorefractive crystals is saturable,
which renders the stabilities of (2+1) D self-trapped beams or solitons. Similar to that in
Kerr media, the refractive index changes in photorefractive crystals are reversible,
which disappear after the removal of the external optical field.

Photopolymers is another type of materials which supports the nonlinear
propagation of light. Unlike that in Kerr media and photorefractive crystals in which the
optical nonlinearity results from the photo-induced physical changes, the nonlinearity
in photopolymers arises from chemical changes, specifically photochemical reactions
called photopolymerization. In a photopolymerization, photoinitiators (PI) absorb light
with particular wavelength(s) to generate reactive species (free-radicals and ions),
which attack the monomers and transfer their reactive sites to the monomers. The
monomers with reactive ending groups then attack other monomers to continue the
transfer of the reactive sites. The bonding of the monomers and propagation of the
polymer chains results in cumulative increase in local density and corresponding
refractive index. The evolution of refractive index changes in a photopolymer system is
shown in Figure 1.2,%® which is the plot of an empirically derived expression:*

An(x,y,z,t) = Ang {1 — exp [—Uiofot_TIE(x, v,z t)Izdt]} (1-6)
Where Ang refers to the saturated refractive index change in the polymer system, U, is
the critical exposure below which the initiation of the polymerization reaction would
not occur, t is the irradiation time, t is the lifetime of the monomers, and E(x,y, z, t)

corresponds to the optical field amplitude at a particular point in time and space.

10
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Figure 1.2. Plot of change in refractive index versus radiation exposure. UOQ is the
critical exposure required to induce photoinitiation, and Es is the energy required to
achieve the maximum refractive index change Ans. Reprinted with permission from.*®
Copyright © 2008, American chemistry society.

The photoresponse time is slow (milliseconds to seconds) in photopolymer systems,
determined by the rate-determining step (either initiation step or propagation step
depending on the types of active species (free-radicals, cations, and anions) inducing
the chain propagation of the polymerization) and varies from one polymer system to
another. It is this fundamental property of noninstantaneity that facilitates self-trapping
and MI of incoherent beams in the photopolymer systems. The optical intensity
required to trigger nonlinear light propagation in photopolymers can be extremely low,
as low as tens of pW e€m™2.*® The saturable refractive index changes (vide supra) in
photopolymers renders the stabilities of (2+1) D self-trapped beams or solitons.
Particularly, as induced by irreversible photochemical reactions, the refractive index
changes in polymer system are retained after the removal of the external optical field.
This unique property of nonlinear light propagation in photopolymers opens a door for

the fabrication of self-written optical structures (waveguides) and application of the

11
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these structures in a wide range of fields in which controlling the flow of light is critical.

1.3. Study of optical self-written waveguides (SWWs) and complex waveguide
structures in photopolymers

Optical self-written technique is significantly different from other techniques such
as holographic lithography and mask-based photolithography, in which the structural
fabrication is driven by interference of mutually coherent beams and light induced
transfer of the geometric pattern of the mask, respectively. This technique harnesses the
nonlinear propagation of light in photoresponsive materials such as photopolymers, and
generates self-written waveguides with permanent change in refractive index over a
relatively long distances (>> Rayleigh length).

Optical self-written waveguides has been studied in varies photopolymer
systems.*®3%4-€0 |nitjally, coherent or partially coherent/incoherent laser beams were
employed to generate self-written waveguides. The first self-written waveguide was
fabricated in a UV-cured epoxy by Frisken in 1993 using a 532 nm cw laser beam.®* A
couple years later, Kewitsch and Yariv fabricated waveguides with pathlength up to >10
mm in a acrylate-based photopolymer mediums using a 325 nm laser beam and
proposed the empirically derived equation (1-6) describing the polymerization-induced
refractive index changes.®? In 1999, Shoji et al. examined the interactions between the
fiber-like patterns optically-induced in a urethane acrylate based photoresist and
observed that two of such fibers could merge to form a single fiber (Y junction structure)
under a critical angle of 9% A numerical model was proposed a few years later to

describe the growth and interactions of multi-channel self-written waveguides and an
12
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intensity threshold was predicted for the polymerization to occur.”® In 2000, Eldada and
Lawrence fabricated single-mode, multimode, and micrometer-sized waveguide
structures with planar geometry in different photopolymer fluids, which exhibited
transmission losses as low as 0.01 dB/cm.®* This opens the door for the potential
application of a variety of optical waveguide devices, such as straight waveguides,
bends, splitters, light couplers, band-pass filters, and waveguide arrays etc. In 2001,
Kagami et al. fabricated a >20 mm 3D optical waveguide by laser induced
polymerization and phase separation in a mixture consisting of a radical-type acrylate
(as the high-index core) and a cationic-type epoxy (as the low-index cladding).*®
Dorkenoo et al. examined intensity-dependent waveguide formation in 2002 and
observed that low intensity from a single mode fiber led to a uniform-channel fiber,
whereas high intensity led to filamentation of the propagating beam and subsequent
formation of multi channels. >’ In 2006, Zhang et al. observed the self-trapping of an
incoherent white light in a methacrylate substituent organosiloxane gel,***" which leads
to a variety of subsequent studies (vide infra). In 2009, Kashin et al. developed a
numerical model to describe the propagation of self-trapped laser beams in a
polymethylmethacrylate matrix doped with phenanthrenequinone.®® This model
investigated the diffusion theory in the system and combined with the physical paraxial
wave model to give a more accurate description of the evolution of self-written
waveguides induced optically in photopolymers.

Self-written photopolymer waveguides have potential applications in the fields of
integrated optical circuits and optoelectronic devices for optical sensing and optical

telecommunication applications. To date, self-written photopolymer waveguides have
13
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been fabricated and acting as optical interconnects to couple light from laser diodes to
optical fibers or between optical fibers.®®® For instance, Missinne et al. employed a
self-written waveguide fabricated from a UV curable adhesive to interconnect two
telecom single mode fibers (SMF), and exhibited total insertion losses below 0.3 dB for
SMF-SWW-SMF transition at 1550 nm.®® Self-written polymer waveguides have also
been applied as building blocks for complex 3-D structures such as open-cellular

707 and artificial compound eye’® ", for mechanical processing and

structures
bio-inspired sensing applications. For instance, Jacobson et al. fabricated cellular truss
architectures with controlled and predictable mechanical properties from
self-propagating intersecting waveguide arrays by adopting mask assisted self-trapping
of light in a UV resin.*® Kim et al.”" proposed to use self-written waveguides capped
with microlenses as artificial rhabdoms, and fabricated and patterned these waveguides
in both 2-D’" and 3-D geometries”""® in UV-polymerizable resins. Self-written

879 \which would enhance,

polymer waveguides have also been encoded in thin films
spatially modulate and precisely control the flow of light in optoelectronics systems and
optical devices such as solar cells, smart cameras, liquid crystal display (LCD) screens,

projectors and light emitting diodes (LEDs) (See Chapter 2-5 for details).

14
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1.4. Optical self-written in photopolymerisable epoxides and acrylates

In this thesis, two photopolymer systems, which based on a cycloaliphatic epoxide
fluid and an organosiloxane substituted methacrylate medium, are employed for
different studies. Below is a brief summary of the study about self-written waveguides
in these two systems.
1.4.1. Optical self-written in photopolymerisable epoxide sol

The photopolymerisable epoxide system used in this thesis is based on the
dye-sensitized photoinitiation system exploited for cationic polymerization of wide

range of epoxides under visible light.®® Basker et al.**®

modified this system by
introducing epoxide terminated organosiloxane to improve the toughness and flexibility
of the final structures. Figure 1.3 shows the mechanism for the polymerization of the
epoxide system. Briefly, in presence of suitable nonbasic hydrogen donor
polybutanediol, the photosensitizer camphorquinone absorbs visible light and generates
radicals (Figure 1.3, reaction 1). The a-hydroxypolybutanediol radical reacts with the
photoinitiator  bis(4-butylphenyl) iodonium hexafluoroantimonate to form a
a-hydroxypolybutanediol cation, which then undergoes deprotonation to form a
Bronsted acid H'SbFg (Figure 1.3, reaction 2 and 3). The Bronsted acid then initiates
the cationic ring opening polymerization and chain propagation of the epoxide
monomers (Figure 1.3, reaction 5 and 6). Other reactions exist in this system. For
instance, the decomposition reaction depicted in (Figure 1.3, reaction 4) generates an
aryl radical, which can attract hydrogen from polybutanediol and contribute to the

initiation (nonphotochemical process) of the cationic polymerization. A rapid

propagation mechanism called “activated monomer mechanism”® depicted by (Figure
15



Ph.D. Thesis — Hao Lin; McMaster University — Department of Chemistry

1.3, reaction 7 and 8) shows the alcohol (polybutanediol) promoted propagation
reactions, which accelerate the consumption of the epoxide monomers and the whole

polymerization process.
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Figure 1.3. Schematic illustration showing the mechanism for the ring opening
polymerization of the epoxide based photopolymer system. The epoxide based
monomers are depicted as ethylene oxide in the figure. Reprinted from (81).

This photopolymer system has been employed to examine the modulation
instability and spontaneous pattern formation of white incandescent light. It’s also
employed to fabricate ordered lattices of self-written waveguides which have potential
application in light harvesting and bio-inspired sensing.”® The change of refractive

index in this photopolymer system can be tuned by changing its composition. The
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system containing 50% epoxide monomer and 26% epoxide terminated organosiloxane
was found to give a refractive index change of An =~ 0.001.” Employing this system as
nonlinear optical matrix for the 3-D print of functional dielectric and metallodielectric

polymer structures (self-written waveguides) has also been reported.®

1.4.1. Optical self-written in photopolymerisable acrylate sol

Another photopolymer system is based on the free radical polymerization of an
organosiloxane substituted methacrylate, the mechanism of which is depicted in Figure
1.4. Prior to the illumination, the medium is hydrolyzed with dilute HCI which leads to
the condensation of the acrylate monomers. During illumination, the optically induced
free radicals from the photoinitiator (Irgacure 784) attack the C=C double bonds of the
acrylates, and force them to cross-link to form polymer chains. Based on the previous
study by Saravanamuttu et al., the maximum change in refractive index optically

induced in the this system is Ang = 0.006.%
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Figure 1.4. Schematic illustration showing the hydrolysis and polycondensation
process of the polymer system and the subsequent photopolymerization mechanisms.
Reprinted from (85).

Optical self-written in this system was first observed by Saravanamuttu et al., who
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coupled a laser beam into a solgel-derived silica methacrylate hybrid thin film and
demonstrated that self-focusing occurs over a distance up to 120 mm.% Villafranca and
Saravanamuttu conducted a serial of experimental and theoretical studies to examine
the dynamics of nonlinear propagation of coherent light in this system, and observed a
rich diversity of dynamic phenomena in different intensity regimes.**®" For instance,
in the low intensity regime (3.2 <10 ~ 1.6 %10 W/cm), the beam self-traps in the
photopolymer and generates a waveguide capable of guiding multiple high order modes;
In the medium intensity regime (0.19 ~16 W/cm?), concentric self-diffraction rings are
formed owning to spatial self-phase modulation®”®%; At high intensities (159 ~ 12732
W/cm?), the beam splits into filaments, which self-trap individually, through a

mechanism similar to modulation instability®®*

of broad, uniform beams. Qiu and
Saravanamuttu extended the system to a hybrid system by introducing silver
nanoparticles, and studied the self-trapping of laser beam and the inscription of
metallodielectric waveguides.*

Owing to the noninstantaneity of this material, optical self-trappings of incoherent
white light are also observed in this photopolymer system. For instance, Zhang et al.
gave the first experimental evidence of self-trapping of incoherent white light in this
photopolymeriable system in 2006 and demonstrated the dynamics.’*!’ Kasala and
Saravanamuttu studied the interactions of self-trapped white light filaments®®, and the
self-trapping of dark™ and hybrid® incandescent beams, which give insights about a
variety of incoherent light propagation in this polymer system. Motivated by the

self-trapping of a narrow incoherent light, Burguss et al. demonstrated the modulation

instability of a broad, uniform white light beams in the photopolymerizable medium
18
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and inscribed a 2-D periodic array of polymer waveguides by imposing a 1-D weak,
periodic modulation to the beam.? Qiu and Saravanamuttu demonstrated later on that
this polymer system doped with silver nanoparticles also supported the modulation
instability of white incandescent light.** By extending the modulation instability of
incoherent white light beams to multiple beams, the Saravanamuttu group generated a
diverse range of microscopic patterns — 2-D and 3-D polymer waveguide lattices - with

29,44

square, near cubic,® cubic,*** body-centered cubic (BCC) symmetries and

woodpile arrangements® as well as a new class of “black and bright polymer lattices”.**

1.5. Introduction to compound eyes

As three chapters in this thesis deal with waveguide encoded lattices (WELS)
inspired by compound eye, the structures of natural and artificial compound eyes are
briefly summarized in the following section.
1.5.1. Natural compound eyes

There are two kinds of animal eyes, single aperture eyes like vertebrate eyes and
compound eyes found in arthropods. The vertebrate eyes only have a single lens to
collect and focus light onto their retina, whereas in compound eyes, there are numerous
(up to tens of thousands) independent and omnidirectional photoreception units called
ommatidia, each focusing light onto a small number of retinula cells. The images
perceive by vertebrate eyes are usually highly resolved, the fields of view (FOV),
however, are always small. To see the entire surrounding, eye and head movement are
needed. The images perceived by a compound eye is mosaic-like images, and each

ommatidium contributes only one “pixel”. The spatial resolution of such images is very
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low as compared to that perceived by single aperture eyes. However, this lack of high
resolution in arthropod eyes is often counterbalanced by other advantages such as wide
FOV, fast panoramic motion perception, and high sensitivity to light intensity even
polarization®*. The hemispherical and compact arrangement of the ommatidia allows
compound eyes to have a large FOV within small volume, leaving the remaining main
volume of the head for signal processing without overloading the brains.

Based on the structure, natural compound eyes can be classified into two types:
apposition compound eyes and superposition compound eyes. In natural apposition
compound eyes, light passing through each ommatidium is only received by a single
corresponding photoreceptor; whereas in the superposition compound eyes, each
photoreceptor is able to perceive light from multiple ommatidia (Figure 1.5).%" The
structures of arthropods’ eyes are closely-linked to the habitats in which they live, as
well as the behavioral tasks they must fulfill to survive. Superposition compound eyes
are more light-sensitive, therefore are usually found in deep-water crustaceans and
nocturnal insects, such as moths. Whereas apposition compound eyes are most

commonly seen in diurnal insects such as flies.

Figure 1.5. Schematic diagrams of (a) apposition and (b) superposition compound eyes.
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Here, “CL” “CC” “Rh” and “CZ” refer to corneal lens, cylindrical cone, rahbodom, and
clear zone, respectively. Reprinted with permission from Springer Nature.”

Since the superposition eyes usually lead to high optical aberrations, artificial
compound eyes (vide infra) are mostly in apposition type. Therefore, the operation
principle of only apposition compound eye is discussed. Figure 1.6 shows the
schematic diagram of an apposition compound eye. The total FOV of this eye is
determined by the angular range of the curved surface. The inter-ommatidial angle (A®),
which gives the angular offset between the adjacent ommatidia is given as:*’

A® = D/Rgyg (1-7)
Where D and Rgyg correspond to the diameter of the corneal lens and the radius of the
curved eye. One very important parameter of compound eye is the acceptance angle
(Ap) of a single ommatidium, which is defined as the full width at half maximum
(FWHM) of the angular range over which the photoreceptor in each ommatidium

accepts. Ag is expressed as:”’
a\? | (2)\?
20 =) +() (1-8)
Where d, A, f, and D refer to the diameter of the photoreceptor, the sampling
wavelength, the focal length and diameter of the corneal lens, respectively. The term
d/f corresponds to the geometry contribution of A¢ determined by the photoreceptor

diameter projected into the object space (via the focal length f). Term A/D correlates

to the diffraction at the microlens aperture D for the wavelength A.
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Figure 1.6. Principle of a natural apposition compound eye which is composed of a
large number of ommatidia arranged on a curved basis with radius Reye. Reprinted with
permission from 10P Publishing.®’

1.5.2. Artificial compound eyes
Due to the superior characteristics inherited from their natural counterparts,
artificial compound eyes, which aim to transcribe arthropodal vision into imaging

devices, hold promise as next-generation compact imaging systems. These imaging

systems may find potential application in various fields such as medical imaging,***®

101,102 103,104 105,106

security and surveillance, precision navigation, motion detection, and

107,108 etc.

displaces,
Based on the structural geometry, artificial compound eyes are divided into two
types: planar artificial compound eyes and curved artificial compound eyes.
1.5.2.1. Planar artificial compound eye
The first artificial compound eye is initiated in the 1990s. Due to the limitation of
the fabrication (eg: photodetectors are intrinsically on rigid planar substrates)

technologies, the eyes in early research are all in planar geometry. To date, a lot of

planar artificial compound eyes have been fabricated.”*%™*" One typical example is
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“TOMBO” (thin observation module by bound optics), ****° inspired by the dragonfly’s
apposition compound eye (Figure 1.7a). This imaging system consists of a microlens
array (MLA), a separation array and a photodetector array. Each microlens covers an
open channel (separated by the separation layer) and multiple photosensitive cells on
the photodetector board to form a small imaging unit. This imaging system is thin, easy
to fabricate and its components are dismountable for future upgrades. However, its
FOV is very small.

Another type of eye named “APCO” (apposition compound eye objective)****2
was proposed later on, which comprises a MLA, a spacing substrate, a pinhole arrays at
the focal plane of the MAL, and a sensor array (Figure 1.7b). The pitch difference (AP =
P. — Px) between the pinhole array and the MLA enables the gradual tilting of the
viewing angles to obtain wider FOV. This type of eye is also very thin (a few hundred
micrometers) and easy to construct, but the FOV is usually small, and the image
resolution is poor.

The third representative of planar artificial compound eye is called cluster eye.***"
15 This type of eye is completely comprised of multiple lenslet arrays, without other
components such as pinholes, separation layers and opaque walls. An eye named “Cley”
is shown in Figure 1.7c, which has three MLAs to focus the object onto the imaging
plane. The FOV of the whole imaging system is achieved by adjusting the periodicities
between the microlens arrays. This eye system has possibility of obtaining large FOV,
the imaging resolution and distortion are also improved from the APCO. However, its
fabrication process is quite complicated, and it suffers astigmatism at large incident

angles. Several other members in this Clay family were reported later on, including clay
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% and eCley™*, etc., which exhibited improved

with elliptical microlens, oCley*
astigmatism, FOV and imaging resolution.

A new type of planar film inspired by the collective behavior of ommatidial
elements of compound eye was proposed recently. It is called WELs (Waveguide
encoded lattices).” This system is a thin polymer film comprising multidirectional
self-written waveguides (Figure 1.7d). The FOV of the film is dependent on the
orientation and acceptance cone of the constituent waveguide subpopulations, and the
spatial resolution is determined by the width of the waveguides (a few tens of

micrometers). The film has several advantages such as ease of fabrication, potential to

have large panoramic FOV, high spatial resolution, etc.
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Figure 1.7. Schematic representations of planar compound eyes. (a) A TOMBO, (b) a
APCO, (c) a Cley and (d) a WEL. Reprinted with permission from optical society of
America'®™ % and John Wiley and Sons.™

Table 1.1 summarizes some parameters of a few typical planar artificial compound

eyes. The FOV of these eyes are usually not big, but recently developed novel planar
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compound eyes have potential to increase the FOV to significantly large values. Due to
their compact size and good depth estimation capacity, etc., planar artificial compound
eyes have been applied in medical instruments, security systems, tiny scanners and

projectors, etc.

Table 1.1 Selected parameters of a few typical planar compound eyes

Total . Thickness .
Compound eye type Size (mm) Pixels Channels
FOV (9 (mm)
TOMBO™® - 6 %5 - 320 %240 up to 32 x32
APCO™! 20 %20 6 %5 0.216 ~ 0.345 - 130 %130
Chirped APCO2 64.3 6 %5 0.9 130 %130 130 %130
Cley'® 70 <10 6 x5 2 700 %550 21 %3
MULTCAM 30 - 248 320 =256 5 x5
GSL 29 2.8 %28 2 156 %156 15 %15
eCley™® 58 %46 6.5 x5.2 1.4 700 %500 17 %13
oCley™* 53.2 %399 2.2 x29 1.86 640 %480 14 %13
Close-up imaging system 52 %63 8.5 x8.5 6 3280 %2464 26, 000
WELs™ 94 R=8 3 - > 15000 /cm?
Wide-angle array camera’ 110 - 0.95 1350 %810 15 x11

“- “D”and “R” refer to unknown, diameter and radius, respectively.

1.5.2.2. Curved artificial compound eyes

Anrtificial compound eyes with curved geometry are the ones in closer proximity to
their natural counterparts. As the of planar artificial compound eye cannot satisfy some
application in which wide FOV is desirable, and owing to the fast development of
fabrication and processing techniques, artificial eyes with curved geometry start to

emerge. To date, numerous curved artificial compound eyes have been constructed, in

76,104,11 73-75,102,119-121
|6,0,8 3-75,102,119 In the

both cylindrica and hemispherical geometries. following

content, several typical curved artificial compound eyes are illustrated.
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The first curved artificial compound eye was fabricated in 2006 by Jeong et al. in a
hemispherical dome filled with UV-cured polymer medium (Figure 1.8a).”® This eye
system has 8370 artificial ommatidia, each of which consists of a polymer microlens, a
light-guiding polymer cone, and a self-written waveguide, as found in its natural
counterparts.***?2 The FOV of single artificial ommatidium is also comparable with
natural compound eyes. Compound eyes consisting of such microlens-assisted
waveguides are usually employed for obtaining wide FOV.

For obtaining high image definition, a new type of curved eye emerges in which the
waveguides are removed and photodetectors are positioned at the focal plane of the
microlenses. For instance, a miniature apposition camera inspired by arthropod eye was
reported Song et al. in 2013, which contains a sheet of elastomeric compound optical
elements (microlenses) and a deformable silicon photodetector array elastically
transformed into hemispherical geometry (Figure 1.8b).1%* This camera has 256
artificial ommatidia and exhibits exceptional wide FOV of 160< It also shows nearly
infinite depth of field and the images reconstructed show no without off-axis
aberrations.

Another representative curved artificial compound eye is the CurvACE (curved
artificial compound eye) (Figure 1.8c). This vision system consists of a microlens array,
a deformable neuromorphic photodetector array, and a flexible PBC (printed circuit
board), which are accurately aligned, cut and mechanically deformed into a
semicylindrical shape.® This system has 630 repeating imaging units, and gives a

panoramic, undistorted FOV of 180°x60<
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Figure 1.8. lllustration of a few curved artificial compound eyes. (a) An artificial
compound eye with lens-capped waveguides, (b) an arthropod eye inspired miniature
camera, and (c) a cylindrical vision sensor named “CurvACE”. Reprinted with
permission from the American Association for the Advancement of Science,” Springer
Nature,'%” and National Academy of Sciences of the United States of America.'%*

Table 1.2 summarizes some parameters of a few typical curved artificial compound
eyes including the ones mentioned above. As determined by the spanning angle of the
artificial ommatidia (or the curvature of the curved plane), the FOV of the entire eye
systems are usually big (except the early ones), even up to 360 <are achievable. These
imaging systems may find application in wide FOV imaging and displaying, motion
detection and autonomous navigation, etc. However, tremendous effort will be needed
in designing novel ACE, improving the fabrication technology, developing image
reconstruction models and algorithms, as well as application exploration and

implementation.
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Table 1.2 Selected parameters of a few typical curved artificial compound eyes

Single ommatidium Total . Thickness
Compound eye type Size (mm) Channels
FOV (9 FOV (9 (mm)
Hemispherical compound eye™ 4.4 - D=25 - 8370
Spherical compound eye” 0.3 10.3 x10.3 D =40 - 40 >40
3-D compound eye!?® - 18.43 D =20 2.03 601
Parobolic cluster eye camera®?* - 102 %90 6.12 x<4.62 2.74 59
Avrthropod-inspired camera'%? 9.7 160 R =6.96 - 180
CurvACE™ 4.2 180 <60 D=128 - 630
SCECam'® 2.4 122.4 R=20 80 4400
Dragonfly-eye-inspired ACE'?° 5.8 ~ 140 D=5 >2 ~ 30000

“” “D”and “R” refer to unknown, diameter and radius, respectively.

1.5.3. Fabrication of compound-eye microlens arrays
Artificial compound eyes, either planar or curved, usually involve microlenses. The
fabrication of artificial compound eyes, therefore, mainly involves the fabrication of the

microlens arrays. Several methods have been employed to fabricate microlenses,

125,126 127,128

including thermal reflow methods, micro-plastic embossing methods,

129-131

micro-droplet jetting methods, micro-electromechanical systems (MEMS) based

132-134 135,136 96

methods, and ultraprecision machining methods, etc
The first three methods are classified as direct fabrication methods, as they are
based on the surface tension of the thermoplastic lens material, without the need of
masks or molds with micro concave shapes. These methods are relatively simple and
cost-effective, thus are suitable for mass industrial production. However, these methods
face challenges on controlling microlens-uniformity over large areas and obtaining
microlenses arrays with curved geometries. Deformation processes, which are usually
complicated, are therefore inevitable for the fabrication of curved artificial eyes.

MEMS based methods, and ultraprecision machining methods are classified as
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indirect methods, as they involve replication of 3-D molds with concave micro-lens
shapes. These methods have better control on the microlens geometries, and microlens
arrays with high smooth and uniform surfaces are achieved. These methods are also
directly employed in fabricating curved artificial compound eyes. For instance, Bian et
al. patterned a curved glass substrate with omnidirectional-aligned negative/concave
microlenses via a femtosecond laser enhanced wet-etching process (MEMS-based
method). Based on the negative microlens mold, they fabricated a distortion-free
artificial compound eye which gives clear and uniform imaging capabilities.”** Li and
Yi fabricated a 3-D compound eye system consisting of a 3D microprism array, an

aperture array, and a microlens array, using a few ultraprecision machining methods,

136,137 135,138
]

including regular diamond turning , and micromilling etc.’”® The main
disadvantage of these indirect methods is the high cost, as multiple complex processes

are usually involved.

1.6. Research objectives: Controlling the flow of light with waveguide encoded
slim polymer films.

Optical waveguide based structures hold strong application potentials in integrated
optical circuits, optical sensing and optical telecommunication systems. The
development of these fields requires fabricating waveguide structures with facile,
cost-effective and scalable approaches.

As discussed in previous sections, optical waveguides and waveguide lattices can
be fabricated through self-written techniques — nonlinear propagations of light in

photopolymers. The primary objective of this thesis is to employ self-written
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techniques to encode slim polymer films with specific geometries of waveguide lattices,
and examine their properties on spatially modulating and controlling the flow of light,
then try to explore the applications of such waveguide encoded structures.

One specific goal of this thesis is to fabricate a waveguide encoded thin film which
is in planar geometry but possesses large FOV so as to be applied in optical imaging and
sensing. Related studies are presented in Chapter 2 and Chapter 3.

In Chapter 2, we present the fabrication of a polymer thin film comprising
intersecting waveguide encoded lattices (WELsS) via mask-assisted modulation
instability and self-trapping of microscopic white incandescent light into an epoxide
based photopolymerisable system. Detailed experiments such as fabrication dynamics,
structural characterization, and optical property examination including cross-free light
guiding, enhanced FOV, and multiple imaging functionalities, etc. are also presented in
Chapter 2.

We present in Chapter 3 another slim polymer film fabricated in the
photopolymerisable epoxide medium, which contains radially distributed waveguide
encoded lattices (RDWELSs). We detail the design rationale of obtaining wide seamless
panoramic FOV and microstructural characterization of the RDWEL, then elucidate its
optical properties and potential applications.

Another specific objective of this research work is to design a waveguide encoded
thin film which increases the power output of solar cell while sustains current
production costs. This is demonstrated in Chapter 4, where an array of slanted slab
waveguides is encoded in an epoxide based thin polymer film, which exhibit beam

steering effect to reduce optical losses when coated on solar panels.
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The third specific goal is to develop a waveguide based thin film which can
manipulate the output of diverging light beams. This is presented in Chapter 5, where a
self-written RDWEL constructed in an acrylate-based photopolymer system is applied
to the beam emitted by a LED, and exhibited precisely control on the divergence and
convergence of a light beams.

Chapter 6 summarizes the work presented in the above 4 chapters, and gives
suggestions for future research.

The content presented in Chapter 2 has been published in Adv. Funct. Mater.,”® and
is reproduced in this thesis with permissions from the publishers. The contents in
Chapter 3 and Chapter 4 have been submitted to Adv. Opt. Mater., and ACS photonics,
respectively. Whereas the contents in Chapter 5 has been put up as a manuscript, which
is under final edition before submission.

In this thesis, detailed literature reviews when necessary are presented in the
introduction of individual chapter; the corresponding references are also self-contained

within each chapter.
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Abstract

When encoded with a 3D network of interconnected and pentadirectional
waveguides, an otherwise passive polymer film transforms into an intelligent optical
element — a waveguide encoded lattice (WEL) - that combines a panoramic field of
view, infinite depth of field and powerful capacity to perform multiple imaging
operations such as divergence-free transmission, focusing, and inversion. The lattices
are moreover operable with coherent and incoherent light at all visible wavelengths,
both individually (e.g., narrow band sources such as lasers, light-emitting diodes) and
collectively (e.g., incandescent sources). This combination of properties is
unprecedented in single-component films and the WEL structures represent a new class
of flexible, slim films that could confer advanced optical functionalities when
integrated with light-based technologies (e.g., solar panels, smart phone cameras, and
smart screens) and are amenable to the design and fabrication of new miniaturized

optical and optoelectronic devices.

Key words

Bioinspired compound eyes, nonlinear waves, panoramic field of view, smart optical

films, waveguide structures
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2.1. Introduction

Optical fields exhibit strong and richly varied interactions with planar films that are
configured with spatial patterns or modulations in refractive index. Natural and
synthetic photonic crystals,? metamaterials,®! nanohole arrays,! roughened metal
surfaces,®® and chiral films!"® are examples of plane-faced microstructures that reflect,
refract, transmit, resonate with, scatter or rotate the polarization plane of light with
extraordinary selectivity and sensitivity. These nonclassical mechanisms create
pathways to precisely control and manipulate light flow within micron-scaled
architectures!®**? and therefore hold significant promise in the design and fabrication
of miniaturized photonics and optoelectronics devices. Here, we introduce a
fundamentally new class of intelligent optical films — WELs (waveguide encoded
lattices) - that are encoded with a dense 3D network of intersecting cylindrical
waveguides, which confer a panoramic field of view (FOV) and enable multiple
imaging operations such as focusing and inversion that would typically require bulky
optical elements. Because it is assembled from polychromatic, multimode waveguides,
the WEL lattice functions at all visible wavelengths ranging from the broad spectrum of
incoherent light™*>*# emitted by incandescent sources (including sunlight) to the narrow
wavelength ranges emitted by lasers and light-emitting diodes (LEDSs).

The WEL lattice design draws inspiration from the collective behavior of
light-harvesting ommatidia — biological waveguides composed of a lens, crystalline
cone, and rhabdom - that constitute the compound eyes of arthropods.™ " Light beams
naturally diverge and weaken in intensity as they travel through boundless,

homogeneous media but when confined to a waveguide, propagate over long distances
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(>>Rayleigh range) as optical modes that retain their original spatial profiles. When
packed into a hemisphere, the discrete light-collection ranges of individual ommatidia
impart a cumulative FOV of =180°. Elegant replicas of compound eyes, which aim to
transcribe arthropodal vision to imaging devices*®®! have been fabricated in planar,
primarily lens-based configurations®® 2% as well as in curved configurations with
panoramic®® and near-hemispherical®?®! FOVs. While these processes typically
involve rigid components and multiple fabrication steps, eyes have also been
constructed from soft materials by inducing lens-capped waveguides in
UV-polymerizable resins in 3D,% and 2D hemispherical geometries,!*® embossing
densely packed microlenses on polymethylmethacrylate hemispheres®Y and in an
elastomeric monolith, which is first embedded with lens-like posts, each interfaced with
a Si photodetector, and then deliberately deformed into a hemispherical dome.?

We fabricate WELSs from single-component epoxide films that are freestanding,
flexible, and thermomechanically robust.*¥! In contrast to the finite number of
omnidirectional ommatidia, which pack adjacent to each other into the small-volumed,
curved geometries of natural and most artificial compound eyes, the WEL structure is a
thin, flexible, and optically flat film that is assembled from five pentadirectional and
intersecting arrays of lens-free cylindrical waveguides. While the large FOV of the most
artificial compound eyes originates from lenses positioned over a hemispherical
surface,® % the panoramic FOV of the optically flat and lens-free WEL corresponds to
the cumulative angular collection ranges of its constituent wave-guides. This
arrangement of waveguides also confers discrete translational symmetry to the WEL

lattice, enabling it — unlike curved architectures - to be limitlessly extended to large
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areas without losing optical functionality. The WEL lattice surface is densely patterned
with an extremely large population of wave-guide elements (>15 000 cm > per
waveguide array), which significantly exceeds the absolute number of ommatidial
elements in artificial eyes including those in photopolymer (8370 in a hemispherical
dome with base diameter =2.5 cm),” elastomer (180 functional ommatidia over a
1.472 cm x1.472 cm area) systemst®? and is commensurate with the tightly packed
microlens populations embossed on a polymer dome (=30 000 in a hemispherical dome
with base diameter =5 mm).EY The WEL lattice waveguides collectively capture light
from a wide, panoramic space and guide it without loss of intensity through the film.
The micron-scale diameter (<80 um) of these wave-guides and in particular, their
intersecting geometry allow the WEL lattice to collect, image, and most significantly,
manipu-late all forms of visible light from large panoramic spaces with excellent spatial
resolution. This combination of proper-ties distinguishes the WEL lattice from
compound eyes, which boast larger, nearly hemispherical FOVs but due to their small
volumes and finite number of ommatidia, have characteristically poor imaging range
and resolution. We detail below the design rationale and fabrication of the WEL lattice,
which is impossible to construct through conventional lithographic techniques.**! we
generate its complex 3D microstructure in a single, low-energy, room temperature
process by launching and eliciting collisions between large populations of nonlinear
incandescent waves in a photopolymerizable medium.?3%39 we then elucidate its
microstructure and optical properties through a series of studies including control

experiments.

45



Ph.D. Thesis — Hao Lin; McMaster University — Department of Chemistry

2.2. Results and Discussion
2.2.1. Design and Operation

Simulations in Figure 2.1 describe the microstructure and working principles of
the WEL lattice, which consists of identical xz planes stacked along the y axis (Figure
2.1a); its optically flat entrance (top) and exit (bottom) faces correspond to xy planes
and light propagates along z. Each xz slice contains five intersecting rows of ~70-80
um wide and =3000-3460 pm long cylindrical waveguides (in red), each with a
gradient refractive index profile and maximum index change (Anpyax) Of 0.006 relative
to its surroundings where n =1.47. We selected these waveguides to model the WEL
lattice as we know from previous studies that they guide incandescent white light —
which is critical for imaging and vision-based applications - and by extension, visible
laser and LED light."**Y Four waveguide rows in the xz plane are oriented at +30<and
+15< respectively, about the central row of waveguides, which runs normal to the
lattice faces along the z axis. Each waveguide suffers multiple inter-sections with
nonparallel neighbors; for example, a waveguide oriented along 0 ntersects its nearest
neighbors oriented along 15 <very 299 pm, and those along #30< every 139 pm.

The WEL entrance (xy) face contains the input faces of periodically arranged
waveguide quintets — individual sets of pentadirectional waveguides oriented
respectively at 430 #15< and 0° - that together “see” and collect light over a
panoramic space (Figure 2.1a,b). The panoramic FOV of the WEL lattice (along the x
direction) is the same as the cumulative angular acceptance ranges of a single
waveguide quintet (Figure 2.1b). Plots of optical power at the waveguide exit computed

through the beam propagation method versus the incidence angle of a Gaussian beam (4
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= 633 nm) yield respective acceptance ranges (1/e?) of 21< 22< and 28°(Figure 2.1c;
see the details in Section S2.1 in the Supporting Information) imparting an overall FOV
of 120<to the lattice. Because the waveguides are multimoded (e.g., they guide ~13
modes at 633 nm; see Section S2.2 in the Supporting Information), light incident at any
angle within the acceptance cone propagates as a guided (loss-free) mode. The angular
acceptance ranges of the five waveguides do not overlap (Figure 2.1c), which prevents
mixing of light incident from different directions and the consequent distortion of
images trans-mitted through the lattice. Simulations showed a significantly diminished
FOV for a control sample where light propagates through refraction alone: a film that
does not contain wave-guides but is otherwise identical to the WEL lattice possesses
effective acceptance ranges of only = 5<in each of the directions corresponding to the
five waveguide arrays (Figure 2.1c).

Its repeat motif of intersecting waveguide-quintets (i.e., discrete translational
symmetry in the x and y directions) combined with a planar geometry allows the WEL
lattice to be easily extended to infinitely large areas. The lattice moreover has an
extremely high density of light-harvesting waveguide elements oriented along each of
the five orientations (>15 000 cm 2 (vide infra)) so that the absolute angular space that
can be sampled as well the spatial resolution of transmitted images (determined by
waveguide diameter (=80 pum)) is vastly increased compared to an unstructured film

and hemispherical waveguide constructs.
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Figure 2.1. Operating principles of the WEL lattice. a) 3D model of the WEL lattice,
which consists of a stack of xz planes, each comprising five intersecting waveguide
arrays oriented respectively at —30°, —15°, 0°, 15°, and 30° relative to the surface
normal (z). The inset contains an individual quintet of waveguides. The color scale
indicates the change in refractive index (An). b) Each waveguide has an acceptance
angular range of Af, where n = waveguide orientation angle. The FOV at the
convergence point of a single waveguide quintet (and the entire WEL lattice) is the sum
of all A@,. The FOV is quantified in c) color-coded computed plots (generated through
the beam propagation method) of transmitted power at each waveguide exit versus the
incidence angle. Black plots correspond to an unstructured medium without
waveguides (control). The bar chart below depicts Ad, for each waveguide (solid color)
and the unstructured medium (solid black); Af, here is the curve width where power
=1/e® of maximum. A8, values from ray optics-based calculations of waveguiding are
included for comparison (dotted line).

2.2.2. Assembling the WEL Lattice with Colliding Self-Trapped White Light
Beams

To fabricate the WEL lattice, we generate a 3D lattice!®3? of microscopic
self-trapped incandescent beams (Figure 2.2a), which permanently inscribes the

corresponding structure of cylindrical waveguides in a photopolymerizable epoxide
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medium. Under the nonlinear conditions created by photopolymerizing systems,
incandescent beams become entrapped within self-induced waveguides and propagate
without diverging through the medium. By launching large populations of
multidirectional self-trapped beams, it is possible to generate 3D wave-guide
architectures with a variety of symmetries;**2¥ similarly, intersecting polymer
waveguides induced by self-trapped UV beams have been used to generate 3D
microscopic trusses.*>*® Such 3D structures are inaccessible to conventional,
mask-based lithographic techniques that are limited by the natural divergence of light
and can only inscribe 2D structures.**! Our nonlinear technique also differs from
holographic lithography — the only other route to 3D optical lattices - which relies on
the interference of four mutually coherent laser beams.[***®! By contrast, the
incandescent lattice is generated with five quartz-tungsten-halogen (QTH) lamps — low
intensity, white light bulbs - which emit a broad range of wavelengths (400-800 nm)
and being mutually incoherent, do not produce periodic interference patterns when they
coincide in space.

The cycloaliphatic epoxide sol® selected for lattice fabrication polymerizes into
thermomechanically robust, flexible, and transparent monoliths (Figure 2.2b,c) and
importantly, satisfies the rigorous prerequisites for self-trapping of incandescent
light.[*144749 Composed of a broad spectrum and originating from the poorly
correlated relaxation of excited states, incandescent light suffers phase and amplitude
fluctuations — it is spatially and temporally incoherent - at the fs timescale.** While
self-trap-ping of this chaotic™™ wavepacket would be impossible in most nonlinear

media with virtually instantaneous photoresponse,™ the relatively slow evolution of
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epoxide polymerization!®® (ms to minutes) renders the system insensitive to fs
fluctuations. It responds only to the time-averaged (smoothed) optical field, which
allows an incandescent beam to self-trap.*>**4~**l Equally importantly, An in the
epoxide system is saturable and relatively large (0.001) (see Section S2.8 in the
Supporting Information for details), which enables waveguides induced by self-trapped
beams to self-consistently guide the large modal population and multiple wavelengths
of incandescent light,[3244°]

The lattice is generated by five incandescent beams (1 = 400-800 nm), which are
each collimated, modulated by a 2D periodic mask (4 = 80 pm) and launched at 344 <
222< 0< respectively into a cell containing epoxide sol (Figure 2.2a; see Figure S2.3 in
the Supporting Information for details). Upon refraction at the air/sample interface, the
beams travel through the medium at #30< #15< 0< respectively, each bearing a 2D
pattern of bright spots. Due to the particularly large divergence of incandescent light, "
the spots blur and disappear with propagation distance so that the beams appear uniform
at the sample exit (Figure 2.2e is the 0°beam profile). However, when the intensity is
increased above the photoinitiation threshold, each spot initiates epoxide
polymerization and associated refractive index changes (An) along its path.B3 An
strongly suppresses the divergence of each spot, enabling it to propagate as a
self-trapped beam so that at the sample exit face (z = 3.0 mm), the initially uniform
beam profile spontaneously transforms into a 2D array of bright, tightly focused spots
(Figure 2.2f). The con-centration of incandescent light into self-trapped beams is an
efficient process in which the fraction of light redistributed to bright spots increases

even as the total power of transmitted light remains effectively constant (see Figure
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S2.4 and S2.5 in the Supporting Information). Because the five beams are modulated by
the same mask, a single bright spot at the sample entrance face seeds the growth of five
self-trapped beams propagating along #30<, #15< and 0< In this way, the incandescent
beams transform into five, intersecting 2D arrays of self-trapped beams, each with a
density of >15 000 waveguides cm >,

Intersections in the incandescent lattice are formed by colliding self-trapped beams,
which pass through each other without altering their trajectories or intensity profiles;*¢-
8942431 remarkably, the self-trapped beams oriented at 0< #15< and #30=undergo as
many as 62, 72, and 106 collisions, respectively, with nonparallel neighbors as they
propagate through the 3 mm long sample (see Figure S2.7 in the Supporting
Information for details). Similar to the spatial soliton, a pair of self-trapped beams
undergoes seemingly elastic collisions when separated by angles exceeding the critical
waveguiding angle of their respective waveguides—i.e., when the beams cannot couple
into each other’s waveguides.™ ¥ During lattice formation, nonparallel self-trapped

beams are separated by a minimum of 15< which exceeds the angular acceptance range

of their respective waveguides (vide infra).
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Figure 2.2. Structural fabrication. a) Scheme of optical assembly consisting of five
beams emitted by quartz-tungsten-halogen (QTH) lamps. The beams were collimated,
passed through a 2D periodic amplitude mask, and launched into a b) cell containing
fluid photopolymerizable epoxide. Upon irradiation, the epoxide transformed into a c)
freestanding, solid, and flexible WEL (scale bar =1 cm). d) The spatial intensity profile
of the central beam (0 at the sample entrance face (z = 0.0 mm) at t = 0 s contained a
strong 2D periodic modulation but diverged significantly with propagation so that it €)
appeared uniform at the exit face (z = 3.0 mm) at t = 0 s. Refractive index changes due
to epoxide strongly suppressed divergence and the beam transformed into a f ) 2D
periodic array of self-trapped beams at t =25 min (scale bars in panels (d)—(f) = 160

Hm).

2.2.3. The WEL Lattice Microstructure

The 3D incandescent lattice inscribes the corresponding lattice of waveguides in
the epoxide medium. Figure 2.3a and the inset are illustrations of the expected WEL
lattice microstructure and respectively depict the relative orientation of its five
wave-guide arrays and top-down view of their densely intersecting paths. These closely
match transmission optical images of the fabricated microstructure: the top-down (xz)
image shows the multidirectional waveguide arrays and the periodic intersection points

where they collide and penetrate each other. xy cross-sectional images acquired by
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monotonically tilting the lattice with respect to the microscope optic axis reveal each
input faces of the five waveguide arrays. The yz cross-section (Figure 2.3d) shows a
periodic stack of layers, each with a thickness of <74 um, which is commensurate with
the average waveguide diameter of =80 pum. Each waveguide propagating along
0<ntersects its nearest neighbors at #15<every 302 um and those at #230< every 147 pm,
which are comparable to the calculated values of 299 and 139 m, respectively (vide
supra). The waveguide density in the 0< #15< and 330 arrays is =~ 15 625, = 16 749,
and ~ 20 800 cm 2, respectively (see Section S2.4 in the Supporting Information).

We fabricated a family of lattices with increasing numbers of waveguide arrays
(WEL-1, WEL-2, and WEL-3) to systematically trace and deconvolute their increasing
complexity and elucidate the symmetry of the WEL lattice (see Section S2.5 in the
Supporting Information for detailed characterization of each lattice type). The WEL-1
lattice induced by the 0< beam possesses square symmetry while WEL-1 lattices
induced by single beams at #15< or 30 are rectangular. (This is because these
non-0eams project the 2D mask pattern onto the sample entrance by cos(«), where «
= 22<and 44< see Figure 2.2a and Figure S2.3 in the Supporting Information for
details). 3D lattices are generated with multiple beams; we determined their symmetry
by considering the stacking of the WEL-2s induced by a symmetric pair of beams
(propagating at —22° and 22°or —44° and 449 to be monoclinic and hexagonal,
respectively. When a third central beam propagating at 0 was introduced, the two
resulting types of WEL-3s (—22°, 0°, 22°, and —44°, 0°, 44°) were tetragonal in
symmetry. Finally, we determined that the WEL lattices possess tetragonal symmetry

(Figure S2.8 and Table S2.1 and S2.2, Supporting Information).
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Figure 2.3. Structural characterization of a WEL lattice. a) A scheme of the WEL in
which each waveguide array is individually extended along its axis to clearly depict its
relative angular position. The inset is a simulated top-down view (xz plane); colored
dotted lines guide the eye to each waveguide orientation and black circles indicate
periodic points of waveguide intersections (scale bar = 160 pm). b) Experimentally
acquired optical transmission image of the top-down view (xz plane) of an actual WEL.
Colored dotted lines guide the eye to each waveguide orientation and black circles
indicate periodic points of waveguide intersections (scale bar = 160 pm). c)
Transmission optical image of the five waveguide arrays within a single WEL; images
were acquired by monotonically tilting the WEL until the propagation axis of each
waveguide array coincided with the microscope optic axis (scale bar =160 pm). d)
Optical image of the yz plane shows that WEL comprises a periodic stack of planes
(scale bar =160 ). e) Photographs of the far-field output of laser light (A = 633 nm)
propagating through a WEL at —30°, —15°, 0°, 15< and 30< Images were acquired at
~45° from the screen, which was placed 2 m away from the WEL lattice. The input laser
beam was roughly Gaussian in profile with 1/e* width of 570 pm (see Movie S1 in the
Supporting Information).
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2.2.4. Crosstalk-Free Guiding of Light in Mutually Independent Waveguide
Arrays

The WEL lattice captures, confines, and guides incandescent and laser light
through its five waveguide arrays. There is no leakage of light between the five
waveguide arrays — a critical requirement for vision - based applications where such
cross-talk would scramble and distort the transmitted image. Equally importantly, light
does not leak even between parallel-propagating waveguides within the same array. As
a result, each waveguide effectively serves as a discrete pixel, with its diameter (=80
|um) determining the excellent spatial resolution of the resulting image.

When we launched a continuous wave, laser beam (4 = 632.9 nm) and
monotonically varied its angle with respect to the lattice normal, the five waveguide
arrays “lit up” in sequence when the laser incidence angle fell within their respective
acceptance ranges (see Movie S1 in the Sup-porting Information). Far-field
photographs of the lattice exit face show 2D arrays of bright spots, which correspond to
laser modes propagating within individual waveguide elements (Figure 2.3¢). Similarly,
all five waveguide arrays exhibit strong guiding of incandescent light: spatial profiles
and corresponding 1D traces acquired at the lattice exit face confirmed that optical
intensity was tightly confined to waveguides and did not leak into surrounding regions,
which were black (Figure 2.4a). While for clarity, we present only a selected area of the
lattice (550 pm =550 um) containing ~(7 to 10) x 7 waveguides, waveguiding occurs
throughout the WEL lattice (=200 mm?) an area limited only by sample cell size (see
Figure S2.9 in the Supporting Information). While both natural and artificial compound

eyes employ highly absorbing pigments to prevent light leakage between
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ommatidial™®*"*?! the large contrast in refractive index relative to their surroundings
(0.001) alone ensures that light remains confined to wave-guides in the WEL lattice (see
Section S2.8 in the Supporting Information for details).

Waveguided light also does not leak between nonparallel waveguides within
different arrays — even though they structurally intersect each other hundreds of times.
This is consistent with simulations in Figure 2.4b, which show that a Gaussian beam
coupled into any of the five waveguide arrays of the WEL lattice does not leak into
neighboring nonparallel waveguides (further details are provided in Figure S2.18 in the
Supporting Information). We quantified this behavior by calculating the power
transferred between a pair of waveguides as a function of angular separation; results
confirmed that power transfer is negligible when separation was >15<(Figure S2.16,
Sup-porting Information). The mutual independence of waveguide arrays was
strikingly evident when we launched three different colored laser beams (1 = 632.9, 488,
and 532 nm) into arrays oriented along 0< 15< 30< respectively, in the WEL lattice.
Far-field images of the lattice output showed no mixing of colors despite structural
overlap of their waveguide arrays; each colored beam remained confined to its array
throughout propagation (Figure 2.4c; see also Figure S2.17 in the Supporting
Information). The mutually independent yet intersecting wave-guide arrays of the WEL
lattice are an elegant consequence of elastic collisions between self-trapped beams.
These traverse through each other unimpeded when their separation angle exceeds the
critical waveguiding angle of their respective wave-guides (otherwise, the colliding
beams would couple into each other’s waveguides and fuse; vide supra).[51_53] Even

under passive conditions, optical modes propagating in the intersecting waveguides
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induced by intersecting self-trapped beams cannot couple into each other’s waveguides
as neither falls within the other’s angular acceptance range — the result is that the

non-parallel waveguides are effectively invisible to each other in the WEL lattice.

& 30" 20

Figure 2.4. Simultaneous of multidirectional light propagation. a) Experimentally
acquired spatial intensity profiles of a broad incandescent beam propagating through
each of the five waveguide arrays in a WEL. Profiles were acquired at the exit face of
the lattice (z = 3.0 mm). Scale bars of relative intensity are provided; horizontal and
vertical line profiles correspond to the white dotted lines in each 2D profile (scale bars =
160 pm). b) Beam propagation simulations of a Gaussian beam (4 = 633 nm)
propagating through each of the five waveguide arrays in a WEL. For clarity, only the
optical intensity distribution is in color while the WEL structure is in gray. c)
Photograph of three different laser beams propagating simultaneously through
waveguides oriented respectively at 0°(red), 15°(blue), and 30°(green) in the WEL
and being projected onto a far-field screen. d) Magnified photographs of the spatial
intensity profiles of each laser beam.

2.2.5. The Enhanced FOV of the WEL Lattice

The FOV of the WEL lattice is 66% greater compared to a sample that does not
contain waveguides. To quantify its FOV, we measured the angular range over which
incandescent light from an illuminated object — a stencilled letter “O” - is collected,
waveguided, and deposited at the lattice exit face (Figure 2.5a; see Section S2.7 in the
Supporting Information for details). The “O” was first launched into the central

waveguide array (0 of the lattice; its incidence angle was varied with a resolution of
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+0.5° from —6° to +6° centered about the array axis and its image at the lattice exit
imaged by a CCD camera, which was always positioned normal to the array axis. The
transmitted “O” is crisp and well resolved, being composed of bright, tightly focused
pixel-like spots, each corresponding to the output of an individual waveguide (Figure
2.5b). The “O” is detected over an incidence angular range (1/e°) of 5.5< it is detected
over 3.32in the control. Identical measurements carried out for each of the five
waveguide arrays (see Figure S2.20 in the Supporting Information) showed that the
quality of the “O” at the exit face, i.e., its intensity distribution and spatial definition,
did not change with waveguide array; the image remained focused without the blurring
or aberration observed in off-axis lens configurations. Plots of integrated intensity of
the “O” image at the lattice exit versus their angle of incidence (Figure 2.5c; Table S2.4,
Supporting Information) yielded angular acceptance ranges (1/e°) of 5.9< 5.6< 5.5
5.3< and 5.5°for arrays oriented at —30°, —15°, 0°, +15°, and +30°, respectively.
(Corresponding values for the control sample were 3.3< 3.3< 3.4 3.3< and 3.3%
respectively.) The angular acceptance ranges in the WEL lattice exceed equivalent
values (angular sensitivity functions) of individual ommatidia (1.1=4.49 in polymer
compound eyes;™ equally significantly, our measurements in the WEL lattice
correspond to entire populations of waveguides and not individual ommatidia as in the
above case.

The FOV of the WEL lattice for the entire visible spectrum spans —47° to 47° with
a 66% increase in the sampled angular range compared to an unstructured but otherwise
identical film. The WEL model in Figure 2.1 possesses a FOV of 120< as its

organosiloxane waveguides possess a refractive index difference of 0.006 relative to
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their surroundings. For our experiments, we selected the considerably more flexible,
thermomechanically stable epoxide photopolymer, which has an index difference of
0.001 that still generates a significantly increased FOV but is also compatible with the

widely employed epoxide photoresists and coatings.®*

Control

Normalized Total Intensity &

S0 -48 -46 44 -42-40-38 -28-26-24 -22-20-18-16 <6 4 -2 0 2 4 6 16 18 20 22 24 26 26 38 40 42 44 46 48 S0
Angle of Incidence (*) Waveguide encoded intersecting lattices (WIDEI)
controk unstructured medium

Figure 2.5. WEL exhibits enhanced field of view (FOV). a) Scheme of experimental
setup to determine FOV: an object, which is a circular ring of incandescent light (the
inset), was monotonically rotated about the WEL surface normal from —50° to 50°. The
output of each waveguide lattice was imaged respectively at fixed angles of —44°, —22°,
0°, 22°, and 44°; these correspond to the orientation of each waveguide array (—30°,
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—15°,0°, 15°, and 309 after refraction at the glass/air interface at the sample exit. b) 2D
spatial intensity profiles of the exit of the central waveguide array (at 0 acquired when
the incidence angle of the object was varied from —6°to 6< Identical measurements
made for an unstructured medium without waveguides (control) are included. For
clarity, intensity was normalized to the maximum intensity in each sequence of images.
c) Plots of normalized total intensity of the image versus the angle of incidence of the
object for the WEL (red) and an unstructured medium without waveguides (black). d)
The complete sequence of images acquired by varying the incidence angle of the object
from —50° to 50 <into the WEL (top) and control (bottom). The inset is a scheme of the
angular range (blue) over which images were acquire.

2.2.6. The WEL Lattice as a Versatile, Multifunctional Imaging Element

The intersecting arrangement of cylindrical waveguides enables the WEL lattice to
perform imaging operations, which are not possible with hemispherical constructs. To
demonstrate, we created a camera by placing a planar CCD chip flush with the WEL
lattice exit. Three letters “M,” “A,” and “C” illuminated by incandescent light and
positioned respectively at —44°, 0°, +44° relative to the normal, were launched into the
lattice face (Figure 2.6a—c). Depending on the distance of its entrance face from the
illuminated object, the WEL lattice can (i) simultaneously collect light from objects
positioned over a hemispherical space and project the resulting images without loss of
integrity onto a flat plane, (ii) focus images from the same hemispherical space onto a
narrow area or (iii) invert the positions of images (Figure 2.6¢). The spatial resolution
for each of these operations is defined by the ~80 um width of each waveguide. In case
(1), the planar chip simultaneously records images of all three letters; the images retain
their clarity and are well-defined regardless of their angle of incidence at the WEL
entrance face (Figure 2.6d). (Experiments with illuminated shapes produced equivalent
results; see Section S2.9 in the Supporting Information.) For configurations (ii) and (iii),

the relative angular orientations of letters were kept the same as in case (i) but their
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distance from the lattice entrance face was increased. In case (ii), each letter propagated
through waveguides with outputs that coincided within a narrow area at the lattice exit
face; in this case, all three sets of waveguides delivered their respective “letters” and
focused their intensity onto the same area of the detector. When the distance of the
objects from the entrance face was increased even further (case (iii)), the letters
propagated through waveguides, which intersected midway through the lattice so that
their output faces now fell on the opposite side of the lattice normal; in this case, the
letter “A” that propagated through 0° waveguides remained in the centre while the
positions of “M” and “C” switched positions, resulting in image inversion. A
phenomenological equation generalizing and describing the conditions required for
each imaging operation of the WEL lattice is presented in Figure S2.30 in the
Supporting Information.

We note that while refraction at the exit and entrance faces alone could change
which gives rise to similar behavior in unstructured films, the WEL lattice waveguides
ensure that the images retain their integrity and spatial definition. Images propagated
through an unstructured, uniform medium would suffer considerable blurring, mixing,
and loss of definition — especially due to the significant divergence associated with

incandescent light.
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Figure 2.6. Multiple imaging configurations. a) Scheme and b) photograph of assembly
to launch three illuminated objects “M,” “A,” and “C” positioned in a hemisphere with
radius z into waveguide arrays oriented at 30°, 0°, and —30°, respectively, and imaged at
the WEL lattice exit plane with a CCD chip. Propagation of “C” is traced in red as an
example. ¢) Schemes of three imaging configurations achieved by varying z (z, = 4.5
mm, z, = 7.5 mm, z3=10.5 mm). d) At z;, the letters propagate through waveguides that
do not intersect and are projected adjacent to each other at the exit. At z,, the letters
propagate through waveguides that intersect at the exit face and are focused onto the
same area. At z3, the letters propagate in waveguides that intersect in the lattice and
appear inverted at the exit face. e) Corresponding images of the three letters when
launched individually in the respective waveguide arrays at z;, z,, and zs.
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2.3. Conclusions and Outlook

The WEL lattice does not seek to solely mimic the visual con-figuration of
arthropods but inspired by the collective behavior of ommatidial elements, combines a
66% enhancement in panoramic FOV, an infinite depth of field, excellent imaging
resolution and range — and fundamentally different from hemi-spherical compound
eyes - the powerful capacity to focus and invert images. Based entirely on waveguiding,
the imaging operations of the WEL lattice are independent of the incidence angle of
incoming light and — in contrast to lenses based on paraxial optics - free from aberration.
Because its constituent waveguides, which are induced by incandescent light, are
necessarily polychromatic and multimoded, the lattice can function at all visible
wavelengths emitted by sources ranging from incandescent lamps, lasers to LEDs.

The intersecting, long-pathed waveguides of the WEL lattice, which are impossible
to construct through conventional, divergence-limited photolithographic techniques,
are induced by nondivergent, nonlinear incandescent waves and their solitonic
interactions.®* %4243 This low-cost, room temperature technique requiring only
incandescent sources and commercially available epoxide photoresists is adaptable to
roll-to-roll manufacturing processes; the discrete translational symmetry of the WEL
lattice ensures that its optical properties are retained over infinitely large areas. The
planar geometry, transparency, flexibility, and scalability of the WEL lattices would
allow seamless integration as intelligent conformal coatings and encapsulants that
enhance and manipulate light-collection in solar panels, switchable windows and
increase the FOV of endoscopic probes and other imaging systems such as microscopes

and cameras. The WEL lattices also open meaningful and valuable opportunities as
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smart slim films in phone cameras and smart screens, where enhancing imaging
functionality, minimizing bulk, and optimizing flexibility are critical parameters for

next-generation devices.*81955-57]

2.4. Experimental Section

Photopolymerizable Epoxide Sols: WEL lattices were fabricated from sols
consisting of a mixture of 3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxy-
late (Sigma-Aldrich, Canada), epoxypropoxypropyl-terminated polydimethylsiloxane
(Gelest, USA), polytetrahydrofuran (Sigma-Aldrich, Canada) in 50%, 26%, and 20%,
respectively, by weight. The photoinitiator bis(4-tert-butylphenyl) iodonium
hexafluoroantimonite (Hampford Research Inc., USA) and photosensitizer
camphorquinone (Amax = 468 nm) were added in 2.5% and 1.5% by weight,
respectively.**%8 The mixture was stirred vigorously for two days and filtered through
a polytetrafluoroethylene membrane (0.2 pm pore size, Pall Corporation USA) before
use. Sols were protected from exposure to ambient light at all times.

Optical Assembly for the Fabrication of the WEL Lattices: The assembly consisted
of five QTH lamps (Cole-Parmer, USA), each of which emitted a broad beam of
incandescent white light (400-800 nm) (Figure S2.3, Supporting Information). Each
beam was collimated with a planoconvex lens (F. L. = 250 mm, d = 25.4 mm) and
passed through a 2D periodic amplitude mask (4 = 80 pm) before being launched at
angles —44°, —22°,0°, 22°, and 44° with respect to the surface normal of a sample cell
(diameter = 16 mm, path length = 3 mm) containing the photopolymerizable epoxide

medium. Upon refraction at the air/sample interface, the beams propagated at angles of
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—30°, —15°, 0°, 15°, and 30° within the epoxide medium (refractive index of n =1.51).
After transmission through the mask, each beam irradiated the entire entrance face of
the sample cell (z = 0.0 mm) with an intensity of 12.93-16.91 mW ¢m . The spatial
intensity profile at the exit face of the sample cell (z = 3.0 mm) was imaged through a
pair of planoconvex lenses (F.L. = 250 mm, d =25.4 mm) onto a high-resolution,
progressive scan, charged-coupled device (CCD) camera (1360 (H) <1024 (V) of 4.65
m square pixels; sensitivity range =350-1150 nm; WinCamD digital camera, Data
Ray Inc., USA) and monitored over time.

Structural Characterization of the WEL Lattices: Transmission optical images of
WEL lattices were acquired with an Olympus BX51 microscope (<10 magnification)
equipped with a digital CCD camera (Q Imaging, RETIGA EXi, Mono 12-bit,
non-cooled). Transverse and longitudinal cross-sections were imaged; for the former,
the WEL lattices were mounted on a goniometer stage, which was monotonically tilted
until the orientation of each of the five waveguide lattices coincided with the optic axis
of the microscope.

Optical Characterization of the WEL Lattices: Transmission of laser (633 nm) and
incandescent white light (400-800 nm) in the WEL lattices was studied; here, the
incidence angle of the probe beams was monotonically varied with a resolution of
+0.5°while the WEL lattices’ output was projected onto a screen or imaged onto a CCD
camera. To characterize the simultaneous propagation of multiple wavelengths in the
WEL lattices, three laser beams at 633 nm He—Ne (Spectra-Physics), 488 nm (Coherent,
Sapphire CDRH LP), and 532 nm (Verdi, V2) were simultaneously launched into the

waveguide arrays oriented respectively at 0< 15< and 30< The spatial intensity profile
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at the WEL exit face was then projected onto a screen in the far-field (see Figure S2.17
in the Supporting Information).

Determining the Field of View (FOV) of the WEL Lattices: To calculate the FOV of
the WEL lattice, first the angular acceptance range of each waveguide array was
determined. Here, the incidence angle of the object “O” (a stenciled letter “O”
illuminated with a collimated beam of incandescent light) was varied over an arch of 12
arch (i.e., 36 centered about the propagation axis of each waveguide array.
Measurements of the spatial intensity profile of the letter “O” at the exit face of the
WEL lattices were acquired at intervals of 0.5< In this way, the angular range was
determined over which light could be coupled and efficiently guided through each of
the five waveguide arrays. Angular ranges scanned were —50° to —38°; —28° to —16°; —6°
to 6 16°to 28< and 38°to 50< The FOVs of the WEL lattices were defined as the
collective angular acceptance ranges of the five waveguide arrays (see Figure S2.19 and
S2.20 and Table S2.3 and S2.4 in the Supporting Information).

Characterizing Different Modes of Light Collection and Delivery to the WEL
Lattices’ Exit Plane: Simultaneous imaging of the transmission from several waveguide
lattices in a WEL was carried out using a CCD chip (image area 8.8 6.6 mm, 1360 (H)
%1024 (V) of 6.45 pum square pixels; sensitivity range = 350-1150 nm; WinCamD
digital camera, Data Ray Inc., USA) positioned close (<1 mm) to the exit face of the
sample cell. A neutral density filter (ND = 2) was placed between the sample and the
chip in order to protect the latter from saturating intensities.

Simulations of Light Propagation: Simulation of light transmission in single

waveguides, the unstructured control medium, and the WEL lattices employed the beam
66



Ph.D. Thesis — Hao Lin; McMaster University — Department of Chemistry

propagation method (BPM),* which was implemented through the BeamPROP
software package (RSoft Products, Synopsys, USA). The alternating direction implicit
scheme was employed for 3D simulations. Nonparaxial BPM using a Padéapproximant
was employed to accommodate wide-angle propagation and stronger variations in
refractive index contrast (An = 0.001-0.006).1°>-* The Padéorder employed was (1, 1).
The computational grid resolution was A(X, y, z) = (0.1, 1, 0.2) with units in pm.
Simulations of single waveguides and the unstructured control medium shown in Figure
2.1 consisted of varying the beam propagation direction angle (see Section S2.1 in the
Supporting Information). Each waveguide had a Gaussian index profile with peak index
contrast of An =0.006 and width of 80 pm. For the WEL lattices, light propagation was
simulated in a single plane consisting of five intersecting arrays of waveguides oriented
at —30°, —15°,0< 15< and 30 < Each waveguide had a Gaussian index profile with peak
index contrast of An =0.001 and width of 80 pm. A single Gaussian beam was launched
into each waveguide array at —30°, —15°, 0°, 15°and 30°(see Section S2.8 in the

Supporting Information).
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S2.1 Simulations of light propagation in cylindrical waveguides with different
orientations

The Beam Propagation Method (BPM) was employed for 2-D simulations of a
Gaussian beam (4 = 633 nm) propagating in a cylindrical waveguide. The waveguide
was 80 um-wide and 3 mm long with a Gaussian profile in refractive index,
maximizing at n = 1.476 and embedded in a medium with n = 1.470. (These
parameters were based on self-induced waveguides generated in previous
experiments™). To calculate its angular acceptance range, the beam was launched into
the waveguide at angles ranging from —11<and 11°with a resolution of 1< with
respect to the waveguide axis. The optical power at the waveguide exit at a
propagation distance (z) of 3.00 mm was determined at each angle. Figure S2.1
contains BPM simulations in the waveguide at launch angles ranging from 0°to 11<
Figure S2.2 contains corresponding transverse cross-sections of intensity profiles at

the waveguide exit.
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Figure S2.1. BPM simulations in a graded index cylindrical waveguide (n = 1.47, An
= 0.006) at launch angles from 0=to 11< The contour maps represent the xz plane; the
waveguide boundaries are traced in white.
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Figure S2.2. BPM simulations in a graded index cylindrical waveguide (n = 1.47, An
= 0.006) at launch angles from 0°to 9< The contour maps represent the xy plane at a
propagation distance of 3 mm; waveguide boundaries are traced in white.

In Figure S2.1 and S2.2, the waveguide was parallel (oriented at 0°) to the normal
of the entrance face. We then calculated angular acceptance ranges for the same
waveguide oriented at different angles (« =—30°, —15°, 15°, 30°) with respect to the
entrance face normal. Because the waveguides are identical in terms of diameter and

refractive index profile, their absolute range of angular acceptance remains almost the
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same. To calculate the corresponding incident angles, results obtained for the
0°waveguide from the —11° to 11° range were shifted by a and corrected with Snell’s

law to account for refraction at the air/medium interface.

S2.2 Calculation of the number of modes in a waveguide
The number of modes in a graded index waveguide (i.e., fibre of cylindrical
symmetry) is half the number of modes in a step—index waveguide with the same

index differencel® and can be approximated through:

(Diameter of core X NA x%)

4

N = [S2.1]
where NA is the numerical aperture of the waveguide and A, the wavelength of
incident light. The NA can be calculated as follows!!,
NA = {n,2—n? [S2.2]
Where the refractive index of the core (polymerized waveguide) n, = 1.476 and that of

the cladding (unpolymerized region) nejag = 1.470 giving NA = 0.1330. According to

Equation [S2.1], this yields N = 13.
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S2.3 Fabrication of WELSs and analysis of evolution dynamics of WELSs

Light
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Figure S2.3. Optical assembly for the fabrication of WELs (a) Scheme of assembly
along the beam oriented at 0< four beams (not shown) are arranged pairwise on either
side of the optic axis at angles of —44< —22< 22< 44< (b) and (c) Photographs of
assembly showing the five quartz tungsten halogen (QTH) lamps and optical
components. (d) Scheme of configuration employed to fabricate the WEL.

\/]
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During WEL formation, the initially uniform intensity profile of the optical field

becomes spatially localized and confined within the emerging waveguides. We
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quantified the efficiency of light confinement through the concentration factor (CF).
The latter was calculated by first binarizing the spatial intensity profiles at the sample

exit face at a given point in time:

el 1 IZIH,\,Iaverage
glpixel)=1o [S2.3]

HM

average

In [S2.3], all pixels with intensities greater than the average half maximum

(HMayerage) Were assigned a value of 1; all other pixels were assigned 0. [ HMaperage is

midway between the average maximum pixel intensity (I, ) and average

AXaverage

minimum pixel intensity (Iminavemge ). For each pixel, I and

MmaXagverage

Imingyerage WETE determined by averaging the local maxima and minima in the image

over approximately 22 x 20 waveguides. CF was calculated by:

Z g( pixel)
CF =1 P& [S2.4]

!
pixels
According to [S2.4], a uniform distribution of intensity at the sample exit face
gives CF = 0 while the confinement of all intensity to a single pixel gives CF = 1. In
other words, the greater the value of CF, the more efficiently light is confined.
The temporal plot in Figure S2.4 shows the increase in CF that accompanies WEL
formation as light becomes tightly confined within a periodic array of waveguides.
The plot of intensity integrated over the same area remains relatively constant

throughout the same experiment (Figure S2.5), indicating that there is negligible

intensity loss or attenuation of light during lattice formation.
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Figure S2.4. Temporal evolution of the intensity concentration factor (CF) during the
formation of a single waveguide array (oriented at 0< with respect to the surface

normal). CF was calculated for ~22 < ~20 waveguides over an area of 1780 %< 1638
2

pm-.
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Figure S2.5. Temporal evolution of optical intensity integrated over an area of 1780 =
1638 pm? acquired at the exit face of the sample during the formation of a single
waveguide lattice.
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S2.4 Calculation of lattice spacing, waveguide density and collisions between
non-parallel waveguides

The spacing between waveguides in each of the five arrays in the WEL lattice
was determined from their respective output intensity profiles. The apparent decrease
in waveguide spacing in arrays induced at angles other than 0< was caused by
refraction at the air/sample interface (Figure S2.6). To correct for this, the waveguide
spacing determined from output profiles were multiplied by cos(a)/c0S(Gimaging), Where
a is the waveguide orientation and Gimaging, the angle of imaging with respect to the
surface normal of the WELs. Corrected waveguide spacing (along x axis) for arrays
oriented along 15<and 30°were 77.27 um and 69.34 pum, respectively. The density of
waveguides in the 0< 15< and 30“arrays of the WEL lattice was 156, 167, and 208
mm™?, respectively.

a

O0O0OO0OOOOR 000000000
2.5 0000000 ' 000000000
2.0 0000000 000000000
15 0000000

000000000

1.0 0000000 000000000
0.5 ooooooo 000000000
MO0Q00000

X ——— —

Figure S2.6. Spatial intensity profiles of waveguided white light at the exit face of the
waveguide array oriented at (a) +15°and (b) +30°in the WEL lattice. Scale bars =
160 pm.
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Nigs —159=L * tan 8,/ 4 =10.05 = 10;
N o159=L * tan6, / 4=10.05 = 10;
Nige —309=L * tan 8,/ 4=21.65 =21;
Nigs,<309=1L * tan @,/ 4 =21.65 =21;

Niota = 62

Niiseoy=L * tan8, / 4=10.05 = 10;
Neisea159=2 * L *tan 6,/ 4=120.10 = 20;
Niyso =L * (tan 6, — tan 8,) / A= 11.60 = 11;
Ni-ise c3m=L * (tan 8, + tan 6,) / A=31.70 = 31;

Niota =72

N-sooon=L *tany/ 4= 21.65 =21;

N spec159=L * (tan 6, + tan 8;) / A= 3170 = 31;
Nispe—159=L * (tan 0, — tan 6,) / A= 11.60 = 11;
Nisoeam=2 * L *rant, / A =43.30 = 43;

1 Niota = 106.

Figure S2.7. Collision situations: (a) Schematic diagram of the collision behaviors of
a single 0< —15< and —30°waveguide with non-parallel waveguides; (b) Calculation
of the collision times of the three collision situations in (a).

15°

Figure S2.8. Bravais lattices formed by intersecting waveguides, based on the number
of waveguides and their orientations. Lines are used to model the lattices for the
lattice plane on which they intersect and black dots indicating the 2D Bravais lattice,
as shown in the image(s) on the left of each panel. The 3D unit cell lattice consists of
stacks of these 2D lattices perpendicular to its plane (highlighted green), as shown in
the image on the right of each panel for a 3D unit cell. All lattice orientations are with
respect to the vertical of the page. (a) Two lattices oriented at —15<and 15< The 2D
lattice has p1 symmetry, and the 3D lattice unit cell is primitive monoclinic. (b) Two
lattices oriented at —30<and 30< The 2D lattice has p6m symmetry, and the 3D lattice
unit cell is hexagonal. (c) Two lattices oriented O plus any other symmetric
combination of beams, e.g., —15<and 15< or —30°and 30, or —30<; —15< 15< 30%
Specifically, two 3 beam combinations are shown: =15 09 15and —30< 09 30<
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The 2D lattice has pmm symmetry, and the 3D lattice unit cell is primitive tetragonal.
The length ¢ depends on the orientation of the beams.

Table S2.1 Lattice constants of single waveguide lattices

Waveguide Lattice Measured (um) Calculated® (um)
0° 80.0 80.0
15° 76.2 74.7
30° 56.0 57.5

? Determined by the cosine of the beam angle of incidence.

Table S2.2 Lattice parameters of 3D lattices

Waveguide Lattice Unit Cell Symmetry Lattice Parameters
-15°& 15° Monoclinic pl a=280pum,c=149.3 um, f=30°
-30°& 30° Monoclinic P6m a=80pum,c=80pum, B =60°

-1550°& 15° Tetragonal pmm a =380 um, ¢ =292.8 um
-3050°& 30° Tetragonal pmm a =280 um, c=80um
—30% _1263 15%& Tetragonal pmm a =280 um, ¢ = 301.3 um

Figure S2.9. Large scale lattices: spatial intensity profiles of white light acquired at
the exit face of (a) WEL-1 30~ (b) WEL-1 15 (C) WEL-1p~ (d) WEL-115- and (e)
WEL-130= To account for refraction at the air/sample interface, the probe beam was
launched and the lattice exit face was imaged at —44< —22< 09 22< and 44<
respectively relative to the normal of the sample entrance face. In all images, scale bar
=1 mm.
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S2.5 Characterization of WEL lattice microstructure
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Figure S2.10. Waveguide arrays generated with a single beam (WEL-1) oriented
respectively at (a) 0< (b) 22<and (c) 44<and (d)-(f) optical micrographs of the exit
face of each lattice, imaged at 0< 22< and 44< respectively, relative to the
microscope optical axis. (g)-(i) Corresponding Top-down micrographs of the WEL-1
lattices in (d)-(f). In all images, scale bar = 160 pm.
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Figure S2.11. Lattices consisting of an intersecting pair of waveguide arrays (WEL-2)
generated with (a) two incandescent beams with incident angles of —22<and 22<
relative to the surface normal. (b)-(c) Optical micrographs of the exit face of WEL-2
imaged at —22° and 22°, respectively, relative to the microscope optical axis. (d)
Top-down micrograph showing that the pair of waveguide arrays intersects at an angle
of ~29<in the medium. (e) WEL-2 generated with beams incident at angles of —44°
and 44 °<relative to the surface normal. (f)-(g) Optical micrographs of the exit face of
the resulting lattice imaged at —44° and 44°, respectively, relative to the microscope
optical axis. (h) Top-down micrograph showing that the pair of waveguide arrays
intersects at an angle of ~55<in the medium. The red rhombus in (d) and (h) indicates
the unit cell of the lattice in this plane. In all images, scale bar = 160 um.
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Figure S2.12. Lattices consisting of three intersecting waveguide arrays (WEL-3)
generated with (a) three incandescent beams incident at angles of —22< 0<and 22°
respectively, relative to the surface normal. (b)-(d) Optical micrographs of the exit
face of WEL-3 imaged —22°, 0° and 22°, respectively, relative to the microscope
optical axis. (e) Top-down micrograph showing the intersections of the three
waveguide arrays. (f) WEL-3 generated with beams at incident angles of —44 < 0<and
44< relative to the surface normal. (g)-(i) Optical micrographs of the exit face of
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WEL-3 imaged at —44°, 0° and 44< respectively relative to the microscope optical
axis. (j) Top-down micrograph showing the intersections of the three waveguide
arrays. The red rhombus in (e) and (j) indicates the unit cell face in this plane. In all
images, scale bar = 160 um.
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Figure S2.13. Spatial intensity profiles acquired at the exit face of (a) WEL-1,< (b)
WEL-135-and (c) WEL-1305 where the probe beam was launched at 0< 22°and 44°
respectively, relative to the normal of the sample entrance face. Horizontal and
vertical line-scans (indicated by dotted white lines) and a color intensity scale are
included. In all images, scale bar = 160 pm.

15 5
1.0
10 08

t-bb.'ov' 3 C
S8 8 & e

07 - meTm AN ae N
b & &

06 AR L L )

S SaRaO e "--

505
.Qﬂﬂ’.‘.
voai

Qt&&.& a
-Q.b‘..c
y.c.—.

30

3.0 50

5 10

Figure S2.14. Spatial intensity profiles of transmitted white light acquired at the exit
face of (a) WEL-2(s< 159 and (b) WEL—2(30< 309. In (&), the probe beams were
launched at angles of —22=and 22< respectively whereas in (b), probe beams were
launched at —44<and 44 < respectively relative to the normal of the sample entrance
face. Horizontal and vertical line-scans (indicated by dotted white lines) and a color
intensity scale are included. In all images, scale bar = 160 pum.
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Figure S2.15. Spatial intensity profiles of transmitted white light acquired at the exit
face of (a) WEL-3(s< 05159 and (b) WEL-3(-30< 0+ 309. In (&), the probe beams were
launched at angles of —22< 0<and 22< respectively whereas in (b) probe beams were
launched at —44< 0°and 44< respectively relative to the normal of the sample
entrance face. Horizontal and vertical line-scans (indicated by dotted white lines) and
a color intensity scale are included. In all images, scale bar = 160 pm.

S2.6 Simulations of angle-dependent light coupling between a waveguide pair
and beam propagation simulations in WEL lattice

Simulations were carried out with a computational cell of two identical, gradient
index waveguides (n = 1.51; An =0.001) (See supplementary section S2.8 for details).
The waveguides were each 1000 um long and intersected at mid-length. An 80
um-wide (1/€®) Gaussian beam was launched into one waveguide and the optical
power at the end of the other was computed; computations were carried out for

waveguide intersection angles ranging from 0°to 15<
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Figure S2.16. Normalized power coupled from one waveguide to another as a
function of their intersection angle.

Rotation
Stage Screen
~1

Figure S2.17. Simultaneous and independent transmission of multiple wavelengths
through the WEL lattice (a) Scheme of optical assembly showing arrangement and
orientation of red, blue, and green lasers, to couple respectively into waveguide arrays
oriented at 0 15< and 30< Transmitted light was projected in the far-field onto a
screen. Inset is a top-down photograph showing the relative of the sample and
projected transmission patterns of the red, green and blue beams. (b) Photographs of
the assembly acquired along the three different propagation directions of the three
beams.
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Light propagation in the WEL lattice was computed through the Beam
Propagation Method (see Experimental, Section S2.1). The WEL model comprised
five waveguide arrays oriented at —30°, —15°, 0°, 15°, and 30° with respect to the
entrance face normal. The refractive index of the medium and the difference in
refractive index between the polymerized waveguide and surrounding unpolymerized
region (An) were set at 1.51 and 0.001, respectively. The dimensions of the
computational cell were x = 1200 um, y = 120 um and z = 3000 um. To conserve
computational time, the model WEL lattice consisted only of a single layer of
waveguide arrays confined to the xz plane. For simulations, a continuous wave,
Gaussian beam with a width of 3 lattice constants (240 um) along the x axis and 1
lattice constant (80 um) along y was launched into the WEL lattice. The beam was
sequentially launched at the five different angles corresponding to the orientation of
each waveguide array To ensure that the beam propagating through the waveguide
arrays oriented at #15<and #30° remained in the computational cell, the launch
positions were offset from x = 0 by #4a and #6a, respectively, where a = 80 um. All

simulated beams were observably converted into guided light at 2000 pum.
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Figure S2.18. 2-D simulations of the propagation of a Gaussian beam (240 pum-wide,
A =633 nm) in a WEL lattice. Angles of propagation in the structure are (a) —30°, (b)
—15% (c) 0% (d) 15< and (e) 30< with respect to the z-axis. Transverse profiles in (a,
e) were acquired at z = 1.5 mm while those in (b-d) were acquired at z = 2.0 mm.
These simulations correspond to those presented in Figure 2.4b of the manuscript.

S2.7 Optical characterization of light collection and transmission, and
determination of the field of view of WEL lattices
We used a single beam for characterizing the angle-dependent light collection and

transmission in the WEL lattices. Typically, the WEL lattice was first rotated to align
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one of its five waveguide arrays with the optic axis (and thus, the normal of the CCD
camera chip). Figure S2.17 shows this configuration for all five waveguide arrays
(oriented at —30°, —15°, 0° 15° and 30°) in a single WEL lattice (i.e., accounting for
refraction at the air/sample interface, the angles of each array with respect to the optic
axis was —44°, —22°, 0°22<and 449. The WEL lattice, imaging lenses and CCD
camera were fixed in place and then simultaneously rotated about the optic axis
(indicated as the central dotted line) over an interval of —6° to 6°, in 0.5° increments.
In this way, the angle of incidence of the illuminated object “O” was monotonically
varied while the transmitted image at the exit of the waveguide array was monitored.
Table S2.3 shows the angular ranges examined and their corresponding waveguide

and central angle of incidence.
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Figure S2.19. Optical assembly for determining the field of view of the WEL-5 lattice.
The WEL lattice is first rotated so that (accounting for refraction at the air/sample
interface), the illuminated object “O” couples directly into one of the five waveguide
arrays; transmitted light at the exit face is then imaged onto the CCD camera. A 2
mm-wide aperture was placed in front of the imaging lenses to avoid stray light. To
vary the angle of incidence of the illuminated object, the WEL lattice, the imaging
lenses and CCD camera are then simultaneously rotated about the optic axis over an
interval of —6°to 6 °with a resolution of 0.5<

The central angles of incidence coincide (after refraction at the air/sample
interface) with the orientation of each waveguide array. Angles of incidence were
varied over a range of —6° to 6° about each central angle of incidence. The collective

incidence angles sampled therefore ranged from —50° to 50°.
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Table S2.3 Experimental configuration of variable-angle imaging in the WEL lattice

Waveguide orientation in Central angle of Angular range

WEL lattice incidence sampled

—30° —44° —50° to —38°

—15° —22° —27° to —15°
0° 0° —6° to 6°
15° 22° 15°to 27°
30° 44° 38° to 50°
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Figure S2.20. Sequence of spatial intensity profiles of illuminated “O” object
transmitted at varying angles of incidence through each of the five waveguide arrays
of a WEL lattice. The angle of orientation of each waveguide array is indicated on the
left. The horizontal axis indicates the angle of incidence of the illuminated “O” with
respect to the normal of the entrance face. Images were acquired at the exit face of the
WEL lattice. Corresponding measurements for a control sample without the lattice are
provided below each sequence for comparison. In all images, scale bar = 1 mm.
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Table S2.4 Angular acceptance ranges for the WEL lattice structure

Waveguide Lattice Angular Acceptance Range Plot Width”

300 Structure —46.7° to —40.8° 5.9°
Control —45.6° to —42.3° 3.3°

150 Structure —23.8° to —18.2° 5.6°
Control —22.6° to —19.3° 3.3°

0° Structure —2.7°t0 2.8° 5.5°
Control —1.7°to 1.7° 3.4°

150 Structure 18.5° to 23.8° 5.3°
Control 19.3° t0 22.7° 3.4°

30° Structure 41.4° to 46.9° 5.5°
Control 42.3° to 45.6° 3.3°

? As determined by the angle at which the total intensity was 1/e* of the maximum.

Figure S2.21. Sequence of spatial intensity profiles of an illuminated “O” (object)
transmitted at varying angles of incidence through five different WEL-1 lattices. The
angle of orientation of waveguides in each array with respect to the normal of the
sample entrance face is indicated on the left. The x axis indicates the angle of
incidence of the illuminated “O”. Images were acquired at the exit face of the WEL
lattice. Corresponding measurements for a control sample without the lattice are
provided below each sequence for comparison. In all images, scale bar =1 mm.
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Figure S2.22. Plots of normalized total intensity of the image versus the angle of
incidence of the object for five different WEL-1 lattices at different orientation angles,
with respect to the surface normal. The filled red squares represent the lattice, and the
filled black circles represent the control (i.e., unstructured medium).

Table S2.5 Angular acceptance ranges for five WEL-1 different lattices

Waveguide Lattice Angular Acceptance Range Plot Width"

300 Structure —48.4° to —40.4° 8.0°
Control —45.7° to —42.2° 3.5°

150 Structure —24.5° to —17.6° 6.9°
Control —22.7° to —19.3° 3.4°

0° Structure —2.9°t0 3.2° 6.1°
Control —1.7°to 1.7° 3.4°

150 Structure 17.7° to 24.8° 7.1°
Control 19.2° t0 22.7° 3.5°

300 Structure 40.2° to 48° 7.8°
Control 42.4° to 45.7° 3.3°

* Determined by the angle at which the total intensity was 1/e* of the maximum.
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Figure S2.23. 2D spatial intensity profiles of images for two WEL-2 lattices with
following lattice orientations: (a) —15° and 15°, (b) —30° and 30° with respect to WEL
surface normal. Scale bars =1 mm.

Figure S2.24. 2D spatial intensity profiles of images for two WEL-3 Lattices with the
following lattice orientations: (a) —15°, 0° and 15°, (b) —30°, 0° and 30°, with respect
to WEL surface normal. Scale bars =1 mm.
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Figure S2.25. Plots of normalized total intensity of the image versus the angle of
incidence of the object for two WEL-2 lattices and two WEL-3 lattices with different
lattice orientations. The red plots represent the angular acceptance performance of the
lattices, while black curves represent that of the control (i.e., unstructured medium).
Lattice combinations are: (a) —15° and 15°; (b) —30° and 30°; (c) —15°, 0° and 15°; (d)
—=30°, 0° and 30°.
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Table S2.6 Angular acceptance ranges for WEL-2-;s-, 15-) lattices

Waveguide Lattice Angular Acceptance Range Plot Width?
_1i5e Structure —24.2°t0 —17.9° 6.3°
Control —22.7° to —19.3° 3.4°
15 Structure 17.7°t0 24.7° 7.0°
Control 19.2°t0 22.7° 3.5°

2 Determined by the angle at which the total intensity was 1/e* of the maximum.

Table S2.7 Angular acceptance ranges for WEL-2-3¢¢, 30-) lattices

Waveguide Lattice Angular Acceptance Range Plot Width®
_3p° Structure —48.1° to —40.1° 8.0°
Control —45.7° to —42.2° 3.5°
30° Structure 39.8°t0 47.4° 7.6°
Control 42.4°to0 45.7° 3.3°

% Determined by the angle at which the total intensity was 1/e” of the maximum.

Table S2.8 Angular acceptance ranges for WEL-3;s., ¢, 157 lattices

Waveguide Lattice Angular Acceptance Range Plot Width?
5o Structure —24.1° to —18.3° 5.8°
Control —22.7° to —19.3° 3.4°
0° Structure —2.4°t02.6° 6.0°
Control -1.7°t0 1.7° 3.4°
150 Structure 17.7°to 24.2° 6.5°
Control 19.2°t0 22.7° 3.5°

2 Determined by the angle at which the total intensity was 1/e” of the maximum.

Table S2.9 Angular acceptance ranges for WEL-3(30°, o°, 30°) lattices

Waveguide Lattice Angular Acceptance Range Plot Width?
_3p° Structure —47.9° to —40.6° 7.3°
Control —45.7° to —42.2° 3.5°
0° Structure —2.0°t0 2.8° 4.8°
Control -1.7°t0 1.7° 3.4°
30° Structure 40.4<to 47.4° 7.0°
Control 42.4°t0 45.7° 3.3°

% Determined by the angle at which the total intensity was 1/e* of the maximum.
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S2.8 Calculation of refractive index of the epoxide medium and determination of
the photo-induced change in refractive index in self-induced waveguides

During WEL lattice-formation, beams incident at angles that are not normal to the
sample entrance face refract into the epoxide medium and induce waveguides along
this direction (See Materials and Methods). The orientation of the waveguide arrays
with respect to the surface normal together with the incident angles of the beams were
used to estimate the refractive index of the polymerized medium npolymer through

Snell’s Law:

Nair sin Qbeam = npolymer sin Brefracted beam [82-5]

Table S2.10 Incident and refracted angles as determined from samples made from 2, 3
and 5 beams, and the calculated refractive index of the polymer

Number

Beam Beam Angle  Waveguide Refractiv
of . . .
Orientations of Incidence Angle e Index
Beams
- ° 22° 14.25° 1.522
> beam 227422 —22° —14.25° 1.522
44°8 44° 44° 27.5° 1.504
—44° —27.5° 1.504
o oo o 22° 14° 1.548
3 beam 2250%& 22 —22° —14° 1.548
_44°0°8 44° 44° 28° 1.480
’ —44° —28° 1.480
22° 14< 1.548
5 beam —44<,-22< 0% 22°& —22° —14° 1.548
44< 44° 27° 1.530
—44° —27° 1.530

To fit the experimental intensity versus angle of incidence, single waveguide

simulations (similar to those used to produce Figure 2.1¢ in manuscript) were run for
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different values for An. An = 0.001 produced curves that best fit the experimental data

in Figure 2.5c.
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Figure S2.26. Calculated normalized intensity versus angle of incidence curves that
match the experimental data shown in Figure 2.5¢ with An=0.001.

S2.9 Study of the multifunctional imaging performances of the WEL lattice

Figure S2.27. Setup for the simultaneous capture of multiple images at different
angular positions. (a) Schematic showing the orientation of the images on the CCD
chip. Light propagates in the +z direction. The perspective view of the captured
images is looking down the +z axis, as indicated by the eye. (b) Photo showing the
paper template containing the cut out letters, the arrangement of the letters ‘M’, ‘A’,
and ‘C’ are indicated. (c) Close up view of the cut out letters mounted onto the piece
of paper, which is bent at two points so as to orient the letters ‘M’ and ‘C”
perpendicular to their respective beams.

Figure S2.28. Simultaneous image collection transmission of two objects from the
WEL-3(-300, 00, 30) lattices. Scale bar = 1 mm.
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Figure S2.29. (a) Schematic diagram of assembly to study the multifunctional
imaging behaviors of the WEL lattice. Propagation of “C” is traced in red as an
example. (b) A phenomenological equation generalizing and describing the conditions
required for each imaging operation of the WEL lattice.

References

[1] K. Saravanamuttu, X. M. Du, S. I. Najafi, M. P. Andrews, Can. J. Chem. 1998,
76, 1717.

[2] J. Crisp, B. J. Elliott, Introduction to fiber optics; Newnes, 2005.

[3] B.E.A. Saleh, M. C. Teich, Fundamentals of Photonics; Wiley Series in Pure
and Applied Optics; John Wiley & Sons, Inc.: New York, USA, 1991.

98



Ph.D. Thesis — Hao Lin; McMaster University — Department of Chemistry

Chapter 3

Slim Films with Seamless Panoramic Fields of View:
The Radially Distributed Waveguide Encoded Lattice
(RDWEL)
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Abstract

The nearly hemispherical field of view (FOV) of arthropodal compound eyes has
inspired richly varied analogues ranging from curved, lens-patterned domes to planar
constructs patterned with periodic arrays of micro-lenses. We report that a radial
distribution of cylindrical waveguides that monotonically spans #33<°confers a FOV
of 115°to a slim (< 3 mm) polymer film. To our knowledge, this is the greatest
panoramic FOV reported for any plane-faced, single-component structure. The
RDWEL waveguides are inscribed in a single, room temperature step by a large (=15,
000 cm™), converging population of self-trapped incandescent beams elicited in a
photopolymerizable epoxide fluid. Because the resulting waveguides are multimoded
and polychromatic, the RDWEL operates at all visible wavelengths emitted by
broad-band (e.g. ambient sunlight) and narrow ranged (e.g. LEDs, lasers) sources.
Due to the overlap of the angular acceptance ranges between neighbouring
waveguides, the structure captures light incident at any angle within its FOV. Distinct
in the field, the RDWEL confers an exceptionally large, seamless FOV for all visible
wavelengths to a planar, single-component, flexible and robust slim film. It therefore
holds considerable potential as coatings for enhanced light capture (solar cells), beam

shaping (LEDs, projectors) and imaging (smart phones, microscopes, endoscopes).

Key words

Bio-inspired optics, compound eyes, waveguide arrays, field of view, nonlinear waves
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3.1. Introduction

The compound eyes of arthropods are hemispherical arrays of ommatidia —
natural waveguides of ambient light - which impart exceptionally wide fields of view
(FOV) and sensitivity to motion and in certain cases, to polarization.*? Efforts to
fabricate replicas that mimic these properties are motivated by potential application in

351 security and surveillance,®® displays,*®*?  motion

medical imaging,
detection!™*'¥ and autonomous navigation.'>!®! These artificial eyes include planar
configurations of micro-lenses, pinhole arrays and optoelectronic detectorst % put
are predominantly curved or hemispherical constructs including micro-lens arrays
interfaced to photodetectors,”'® and elastomeric hemispheres patterned with
lenses.'*2-21 While the fabrication of these architectures typically involves multiple
steps and components, soft, single-component eyes have also been generated®?% or
proposed®®?”! by inducing lens-capped waveguides in UV-polymerizable resins in
2-DP? and 3-D1?>?] geometries.

Inspired by the collective behavior of ommatidia, we are developing new classes
of multifunctional polymer films, which are inscribed with dense arrays or lattices of
cylindrical waveguides.?® In striking contrast to the predominantly hemispherical
architectures of natural and artificial compound eyes, these waveguide encoded
lattices (WELSs) are flexible, slim (< 3 mm) and optically flat, which provides ease of
integration into existing light-based technologies such as solar cells, cameras and
smart screens. Distinct from known examples of natural or artificial eyes, WELSs also

possess translational symmetry, which affords the scalability that is necessary for

manufacturing (e.g. roll-to-roll) processes. We generate WELSs through a single-step,
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room temperature technique that employs large ensembles of nonlinear self-trapped
filaments of visible light elicited in photopolymerizable media to permanently inscribe
arrays of multimode, polychromatic waveguides.”**? We previously fabricated a
WEL consisting of a thin, epoxide film embedded with pentadirectional, intersecting
arrays of multimode cylindrical waveguides, which conferred a FOV of 94< which
represented a 66 % enhancement relative to an unstructured film. The FOV of this
structure corresponded to the sum of the angular acceptance ranges of waveguide
arrays oriented along five discrete angles. Significantly, there was no overlap between
these five ranges and the consequent discontinuities — or gaps - in the FOV prevented
cross-talk between non-parallel waveguides. This in turn enabled sophisticated
imaging functions such as panoramic imaging, inversion and focusing that would
normally require bulky optics.?®!

We now report a WEL that possesses a seamless and significantly enhanced
panoramic FOV of 115< which originates from a dense, radial distribution of
cylindrical waveguide arrays inscribed in a thin, flexible polymer film. To the best of
our knowledge, this represents the greatest panoramic FOV of any knownn planar
system.®**! We inscribe such Radially Distributed Waveguide Encoded Lattices
(RDWELSs) with a large, converging population of self-trapped filaments?®*? in a
thermomechanically robust epoxide medium.!”®*®! We show that the resulting
single-component microstructure retains the advantages of a planar configuration and
also offers excellent imaging functionality in terms of the density, angular span and
wavelength sensitivity of its constituent waveguides. Specifically, the RDWEL

possesses a large density of light-collecting waveguide elements (> 31, 000 over a
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circular area with d = 1.6 cm), which exceeds the density and absolute number of
ommatidial elements of other artificial, predominantly hemispherical structures
including 8370 in a polymer dome with d = 2.5 cm,'® 180 over an area of 1.472 cm x
1.472 cm in an arthropod-inspired 3-D camera,!”! 4400 in a dome with d = 4 cm'® and
630 in a cylindrical sensor-CurvACE (curved artificial compound eye) with r = 6.4
mm).1®! Moreover, the ~40 um diameter of each waveguide imparts a high degree of
spatial imaging resolution. Importantly, the RDWEL is versatile with respect to its
operating wavelengths; because its waveguides are polychromatic and multimoded,
the RDWEL operates both with the broad spectral range emitted by incandescent
sources (such as ambient sunlight) and the discrete wavelength ranges emitted by
lasers and Light Emitting Diodes (LEDs).1%3*¢1 We detail below the design rationale,
fabrication and microstructural characterization of the RDWEL and then elucidate its

optical properties.
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3.2. Results and Discussion
3.2.1. Working principles of the RDWEL

Figure 3.1 is a scheme of the RDWEL, which is a periodic stack of xz planes,
each containing up to 200 cylindrical waveguides that are monotonically oriented over
an arc spanning #33.0< Each waveguide is 40 um in diameter with a refractive index
contrast, An > 0.001 relative to its surroundings where n = 1.510.8) From previous
studies, we know that these parameters enable waveguides to confine multimoded,
polychromatic light including incandescent white light®” 33 with an angular
acceptance range of 5.6 Distinct from the omnidirectional ommatidia that
characteristically project their output faces onto the characteristically hemispherical
surface of compound eyes, the RDWEL is plane-faced and the output faces of its
constituent waveguides coincide in its exit face (xy) plane.

The planar geometry of the RDWEL vyields a significantly enhanced FOV
compared to a curved construct with the same number and angular distribution of
waveguides. Figure 3.1a compares two identical waveguides oriented along the same
angle (Gyg) With respect to the z axis in a curved and planar configuration, respectively.
In the former, 6,y always coincides with a normal to the curved surface; its angular
collection range of 5.6 Zis therefore symmetrically distributed about &ygfrom Gyg— &
to By + G where 6, = 6 = 2.8< For example, for a waveguide with &,y = 33.0 the
angular collection range would spans 31.2°to 35.8< (33.02.89. For a curved
construct with a radial distribution of waveguides with &,y = #33.05 the
corresponding FOV would span 235.8<(~729). In the planar configuration, the normal

remains constant (along z) and the angular acceptance range must account for the
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refraction of incident light at the waveguide entrance faces. For &,y = 0 the
acceptance range remains 5.6< However, when 8y # 0, its acceptance range must
account for refraction at the air-waveguide interface and now spans (nearly
symmetrically) about an angle 6. that corresponds to the refracted Gyg, i.€., Gug =
arcsin(nsiné,g) where n = 1.510 (details provided in Supplementary S3.2). Because
when G,y > 0, |¢9rwg\ > \aNg|, the acceptance range of these waveguides always
spans a larger range of angles and yields a greater FOV for the plane-faced structure.
The FOV of the RDWEL is the cumulative acceptance ranges of its constituent
waveguides, which span &,y = #33.0°(Figure 3.1b). Here, the minimum collection
range of an individual waveguide of 5.6 exceeds the maximum separation between
waveguides of ~0.6< (details provided in Supplementary Table S3.1). As a result,
there is significant overlap in the acceptance ranges of neighbouring waveguides,
which in turn yields a seamlessly continuous, panoramic FOV at the exit face (xy
plane). The FOV is easily calculated from the acceptance ranges associated with the
most oblique waveguides (i.e., Gyy = *=33.0 alone. The resulting FOV of ~ #60°
(spanning ~1209 exceeds the FOV of #35.8< (spanning ~72< of the equivalent
curved structure by ~67 % (details provided in Supplementary Table S3.2). The
RDWEL is periodic along the y axis; because there is no variation of 8,4 along this
direction, the FOV along this direction corresponds to the acceptance range of a single
waveguide of 5.6< only (Figure 3.1c). The 3-D geometry and periodicity of the
RDWEL along the y axis (Figure 3.1d) ensures that there are multiple waveguides

oriented at each 6ug, Which increases the imaging space by the RDWEL compared to a
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single-layer hemispherical constructs. Some cases of the latter only have a single

waveguide oriented along a particular direction.?

a b
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Figure 3.1. Operating principles of the RDWLs. (a) Comparison of angular collection
range of identical waveguides with the same 0,,4 but with a curved and (right) planar
surface, respectively. (b) Scheme of a single layer (xz plane) comprising a radial
distribution of waveguides. The FOV corresponds to the sum of collection angular
ranges of all the waveguides. (c) Scheme of the yz cross-section and corresponding
FOV (d) Scheme of RDWEL depicting a seamless, panoramic FOV at the exit face

(xy plane).

3.2.2. Fabrication and characterization of RDWEL microstructure

Figure 3.2a is a scheme of the optical assembly employed to fabricate the
RDWEL. White incandescent light is first collimated and then focused through a
Fresnel lens onto the optically flat, transparent entrance face of a cell containing
photopolymerizable epoxide fluid.?®*¥! An amplitude mask with a 2-D square pattern
(A =80 um) is placed flush with the entrance face so that it divides the incident beam

into a square grid of individual bright spots with a density (> 15, 000 cm™. The
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sample cell (thickness = 2 mm) was placed before the focal point of the Fresnel lens (f.
I. = 7 mm) so that the bright spots converged as they propagated through the epoxide
fluid; the angular range of the incident light in air with respect to z spanned +56.2°9
Accounting for refraction at the air-sample interface, this range became +33.4<within
the polymerizable medium (see Supplementary Figure S3.2). As it propagates, each
bright spot initiates cationic polymerization of epoxide moieties; corresponding
changes in refractive index along its path generate a cylindrical waveguide, which
entraps light as its optical modes and guides it through the medium without
diverging.’?®3® In this way, the large population of self-trapped beams simultaneously
inscribe the corresponding, converging array of cylindrical, multimode waveguides —
the RDWEL - within the epoxide film (Figure 3.2b).

We selected a cycloaliphatic epoxide fluid to fabricate the RDWEL because of its
optical transparency, flexibility and thermo-mechanical stability.’?®3® Importantly and
as detailed elsewhere, the photopolymerizable fluid also satisfies the strict
prerequisites for the self-trapping of incandescent light;®*2% because its
polymerization rate!®® is relatively slow (spanning ms to min.), the epoxide system is
not affected by the fs fluctuations in phase and amplitude that characterize incoherent
incandescent light. Additionally, An within the medium is sufficiently large (>
0.001)® to support the multiple modes that constitute white light and generate
multimoded, polychromatic waveguides. Even under passive conditions, these
structures guide both incoherent and coherent emission at all visible wavelengths,
emitted both by narrow-band (lasers and LEDs) and broad-band (incandescent lamps,

sunlight) sources.!?3!
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Optical micrographs of the polymerized structure confirmed the inscription of the
RDWEL in the polymer film. Longitudinal cross-sections (xz plane) comprised a
single layer with a radial distribution of ~200 cylindrical waveguides that span ~ £33
with respect to z (Figure 3.2c), which is consistent with the range of propagation
angles of incident beams (vide supra). The angular spacing between waveguides
decreases as the waveguide angle increases, varying from calculated values of 0.60°
for B,y =~ 0°to 0.12°for 6y = £33°(see Supplementary Figure S3.2, Table S3.1).
Micrographs of the transverse cross-sections (xy plane) contain square arrays of
discrete bright spots (Figure 3.2d), which correspond to the output of waveguides.
Waveguide populations with increasing 6uq appear blurred because they deviate from
the microscope optic axis and no longer capture and guide its probe beam. However,
focused images were obtained by tilting the RDWEL so that waveguides with 6,4 >>

0“how coincided with the microscope axis (Supplementary Section S3.3).
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Figure 3.2. Fabrication and microstructural characterization of RDWEL. (a) Optical
assembly employed to construct the RDWEL consists of a broad incandescent beam
emitted by a quartz-tungsten-halogen (QTH) lamp, which is collimated by a
plano-convex lens, focused by a linear Fresnel lens and patterned by an amplitude
mask before entering a sample cell containing photopolymerisable epoxide fluid. The
spatial intensity profile of the beam at the exit face of the sample was imaged through
plano-convex lenses onto a CCD camera. The inset contains a magnified image of the
converging light beams entering the sample. (b) Scheme of 3-D RDWEL with
color-coded boxes that correspond to transmission optical micrographs of (c)
longitudinal and (d) transverse cross-sections. Scale bar in (c) and (c) = 160 pm.
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3.2.3. Seamless collection and waveguiding of light

We characterized the light collecting, guiding and transmission properties of the
RDWEL with an incandescent beam, which possesses the spectral characteristics of
ambient sunlight. Because they are generated by self-trapped incandescent light, the
RDWEL waveguides are necessarily multimoded, polychromatic and guide
incandescent light even under passive conditions. Moreover, because of their
relatively large An (> 0.001)!® relative to the surroundings, these waveguides tightly
confine optical intensity and prevent leakage into surrounding regions. Highly

absorbent pigmentst®"3®!

, which are employed to prevent light leakage between
ommatidia in natural compound eyes are therefore not necessary in the RDWEL.

We first showed that light incident on the RDWEL entrance face at any angle
within its FOV is always captured and waveguided to its exit face. In this experiment,
we launched a broad, collimated beam of incandescent light onto the RDWEL
entrance face; we then rotated the sample about its central axis an arc of 3559(Figure
3.3) while acquiring intensity profiles of its exit face (at z = 2.0 mm) at intervals of 59
In this way, the incidence angles of the probe beam spanned the entire FOV of the
RDWEL and sampled its waveguide population with 8.,q = £33 SFigure 3.3a). Select
images of the RDWEL exit face at probe incident angles = 0 -10< -20< -30< —40<
and -50< in Figure 3.3b correspond to a specific area (1800 um X 1800 pm)
containing a sub-population of (~24 to ~36) (x) > ~23(y) waveguides observed as a
square array of bright spots. Similar results were obtained at all incident angles,

confirming that a sub-population of waveguides would always collect and efficiently

guide light incident at any angle within the FOV of the RDWEL.
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Light confinement is optimal in waveguides in the central region of each image in
Figure 3.3b as evidenced by their discrete, well-defined spots; spots become
increasingly blurred or smeared away from this region. This is because any given
incidence angle of the probe beam always falls within the acceptance range of only a
sub-population of waveguides. These efficiently confine and guide the beam as optical
modes along their physical axes (éyg) and give rise to discrete spots at the output. For
example, light incident at 0<falls within the acceptance ranges of a sub-population of
~7 waveguides with &,y ~ +2°(see Section S3.1, Supplementary Table S3.2). This is
commensurate with the ~7 discrete spots along a single row in the leftmost image in
the top row of Figure 3.3b. 1-D profiles of images in Figure 3.3b show that the
waveguide density increases from ~7 in the vicinity of waveguides with 6,4 = 0°to
~17 for Bug = —50< The increase in density is accompanied by a corresponding
decrease in angular separation as well as an increase in angular collection ranges of
waveguides with &, >> 0° (Section 3.1). This means that a greater number of
waveguides with &,y >> 0<efficiently confine light at a given incidence angle. For
example, light incident at -50<is captured by waveguides with 6,y = —28.48°to —2.43°
(See supplementary Table S3.2), which according to calculations correspond to 25
waveguides and corresponds reasonably well with the number of discrete spots ~17

along a single row (x axis) in the rightmost image in the bottom row of Figure 3.3b.
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Figure 3.3. Seamless light collection in RDWEL. (a) Scheme of optical assembly
employed to characterize light propagation through the RDWEL as a function of
incidence angle. Light emitted by a QTH lamp is collimated by a planoconvex lens
(L) and launched onto the entrance face of the RDWEL sample (S), which is placed
on a rotation stage (R) and rotated about its central axis (along y axis) at 5%intervals
from —55%to +55 ©with respect to the surface normal (z axis). The spatial intensity
profiles at the exit face are imaged through a planoconvex lens pair (L, and L3) onto a
CCD camera. (b) Spatial profiles of the RDWEL exit face (z = 2 mm) acquired at
probe beam incidence angles = 0< -10< -20< -30< —40<and -50< respectively. 1-D
traces along the x and y axes are provided. For all images, intensity color bars are
provided together with scale bar = 160 um.

3.2.4 Measuring the FOV

The FOV of the RDWEL is the cumulative angular collection ranges of its
constituent waveguides. To experimentally determine this value and to confirm that it
is seamless, we first divided the RDWEL waveguides into 23 sub-populations, each

comprising 9 to 16 waveguides and identified by the physical axis (&) of the central
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waveguide (Figure 3.4). We then measured the angular range over which the probe
incandescent beam is captured by each sub-population and waveguided to the exit face.
For these measurements, we rotated the RDWEL about its central axis so that the
probe beam sampled only a specific subset of waveguides; for example, to probe the
sub-population with &,y = 33< accounting for refraction at the air-sample interface,
the RDWEL was rotated about its central (y) axis by 55< Keeping this angle fixed, the
RDWEL and imaging components were simultaneously rotated over an arc of 48< In
this way, we effectively varied the incidence angle of the probe beam from 47 <to 63°
(i.e., 55°x89 while acquiring intensity profiles of the exit face at intervals of 0.5
Measurements of acceptance ranges for the sub-population with 8.4 = 0 are presented
in Figure 3.4b; corresponding results for a control sample consisting of an
unstructured but otherwise identical epoxide film are included for comparison. The
images show that compared to the control, light collection and transmission occurs
over a greater range of incidence angles in the RDWEL. Plots of optical intensity
integrated over the waveguide sub-population against the incidence angle yielded
acceptance ranges (1/e?) respectively of 5.9 =for the waveguide sub-population and 3.7°
of the control, indicating an enhancement of 59% (Figure 3c). Identical measurements
of the remaining 22 sub-populations yielded enhanced acceptance ranges from a
minimum of 38% for f.,q = —5°to a maximum of 150% for 6.4 = —30°(Figure 4d,;
additional details provided in Supplementary Table S3.3).

The cumulative acceptance ranges of the 23 sub-populations spanned —57.6° to
57.6< yielding a continuous panoramic FOV of ~115< which corresponds to an

enhancement of 83% relative to the control (Figure 3.4d). Both the absolute FOV
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value and its enhancement are greater than those reported for previous WELSs of ~94<
and 66%, respectively.?® There is moreover considerable overlap between the angular
collections ranges of waveguides; for example, sub-populations with 6,3 = +25<and
+30< possessed collection ranges from +21.8<to +29.2° and +25.3<to +33.8%
respectively. As a result, the RDWEL seamlessly captures light over this continuous
FOV. Significantly, the FOV of the RDWL is also much wider than all the planar
artificial compound eyes ever reported, including 21°B% and 64.3%% for APCOs
(Apposition compound-eye object), 70°x 10 58°x 462 and 53.2°x 39.9#2
for artificial cluster eyes, and 90.4<=for a catadioptric planar eye employing multiple
mirrors®¥, etc. The FOV of this RDWEL also breaks the 110°latest record held by a
wide-angle planar camera,®® and is comparable with some of the curved artificial

compound eyes.*!
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Figure 3.4. The seamless FOV of the RDWEL. (a) optical assembly employed to
measure the FOV of the RDWEL; Light emitted by a QTH lamp is collimated by a
planoconvex lens (L) before entering the RDWEL sample (S), which is mounted on a
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rotation stage (R). For measurements, S is rotated about its central axis (along y axis)
to locate a specific sub-population of waveguides; S and all imaging components are
then simultaneously rotated over an arc of #8<at 0.5°intervals. Spatial intensity
profiles at the exit face are imaged through a planoconvex lens pair (L, and L3) onto a
CCD camera. (b) Intensity profiles of the RDWEL exit face and control (bottom row)
at different incidence angles of the probe beam. Results correspond to waveguide
sub-population with 6,y = 0< Intensity color scale is provided. Magnified images
within the inset show tight confinement of light within waveguides in the RDWEL. (c)
Plots of integrated intensity versus probe incidence angle for RDWEL (red) and
control (black). (d) A representation of the panoramic FOV determined by the
cumulative, experimentally determined acceptance ranges of the 23 waveguide
sub-populations (red) of the RDWEL. Equivalent plots for the control are provided
(black). Owg of each sub-population is indicated in blue.

3.2.5. Panoramic imaging

Because of its enhanced FOV, the RDWEL is capable of panoramic imaging. To
demonstrate, we made a camera by positioning a planar CCD chip flush with the
RDWEL exit face (thickness = 1.5 mm) (Chip-sample spacing: =1.0 mm). Five
stenciled shapes illuminated by incandescent light were then positioned over a
panoramic plane at —45°, —19°, 0°, +19°, and +45°, respectively relative to the surface
normal of the exit face of the RDWEL (Figure 3.5a-b). All five objects were
simultaneously imaged onto the planar CCD chip (Figure 3.5¢); regardless of their
angle of incidence, all five images retained their clarity and spatial positions with a
resolution of ~40 pum, which is determined by the diameter of each waveguide. We
note that images of the objects propagated through an unstructured medium may still
present on the chip, but they would suffer considerable blurring and loss of clarity due
to the significant divergence associated with incandescent light as well as aberrations

due to off-axis propagation.
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Figure 3.5. Panoramic imaging by RDWEL. (a) Scheme and (b) photograph of optical
assembly for simultaneous panaoramic imaging of five shapes. The inset shows the
masks employed to generate the five shapes. Images of the five shapes that were (c)
simultaneously and (d) seugentially recorded by the CCD chip at the RDWEL exit
face. (Scale bar = 1 mm).

3.3. Conclusions and Outlook

RDWEL is a slim polymer film encoded with a radial distribution of waveguides,
which confers a FOV of 115< This corresponds to an 83 % enhancement relative to
an unstructured but otherwise identical polymer film. To the best of our knowledge,
the RDWEL possesses the largest known panoramic FOV for a planar structure. The

overlapping acceptance angular ranges of its waveguides ensure that the FOV is
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continuous and seamlessly captures light incident at any angle within this range.
Distinct from other primarily lens-based, multicomponent planar eyes, the RDWEL is
a single-component structure that is fabricated through a single, room-temperature
technique requiring only low-energy incandescent sources in a soft, flexible polymer
matrix. Equally significantly, because its waveguides are multimoded and
polychromatic, the RDWEL is operable at all visible wavelengths both in the form of
incandescent light (including sunlight) and narrowband sources (e.g. LEDS). Its large
FOV coupled with its large density of waveguide elements (31, 000 over an area with
d = 1.6 cm) and spatial resolution afforded by the ~ 40 um waveguide diameter give
RDWEL considerable potential in both imaging applications such as cameras,
microscopes and endoscopes, as coatings in light-collection systems such as solar
panels, smart windows and as conformal, beam-shaping coatings for light emitting
devices. Finally, by tuning the fabrication method introduced here to generate
waveguides with a range of &g, it would be possible to further increase the FOV of
the RDWEL. For example, a FOV = 180<could be obtained with 8.4 spanning #39.4<
in the same medium (see Supplementary Section S3.2). It would also be possible to
generate RDWEL with solid-angle FOV by generating omnidirectional waveguide

arrays. These studies are currently underway.

3.4. Materials and Methods

Photopolymerizable epoxide sols: The preparation of sols employed in the
fabrication of the RDWELs has been detailed elsewhere.[®3%4! Briefly, 3,

4-epoxycyclohexylmethyl 3, 4-epoxycyclohexanecarboxylate (Sigma Aldrich,
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Canada), epoxypropoxypropyl terminated polydimethylsiloxane (Gelest, USA),
poly(tetrahydrofuran) (Sigma Aldrich, Canada), photosensitizer camphorquinone
(Amax = 468 nm) and photoinitiator, bis (4-tert-butyl phenyl) iodoniumhexafluoro
antimonite (Hampford Research Inc., USA) were added in 50.0 %, 26.0 %, 20.0 %,
2.5 %, and 1.5 % by weight, respectively. The mixture was stirred vigorously for 48
hrs. and filtered through a polytetrafluoroethylene (PTFE) membrane (0.2 pm pore
size, Pall Corporation USA) before use. Sols were protected from exposure to ambient
light at all times.

Optical assembly: The optical assembly employed for RDWEL fabrication is
shown in Figure 3.2a. A broad beam of incandescent light (1 = 320-800 nm) emitted
by a quartz-tungsten-halogen (QTH) lamp (Cole-Parmer, USA) was first collimated
by a plano-convex lens (f. I. = 250 mm, d = 25.4 mm) before being focused by a linear
Fresnel lens (f. I. =7 mm, A.W.I. industries (USA) INC.) and then passed through a
2-D periodic amplitude mask (A = 80 um). The mask was placed flush with the
entrance face of an optically transparent, cylindrical cell (d = 16 mm, pathlength (z) =
2.0 mm) containing the photopolymerizable epoxide sol. The 2-D spatially modulated
beam irradiated the entire entrance face of the cell at an intensity of 16.9 mW em™.
The spatial intensity profile at the exit face of the sample cell (z = 2.0 mm) was
imaged through a pair of plano-convex lenses onto a high-resolution, progressive scan,
charged-coupled device (CCD) (2040 pixels (H) x 1532 pixels (V) with a resolution of
3.2um pixel™; sensitivity range = 350 nm to 1150 nm; WinCamD™ digital camera,

Data Ray Inc., USA).
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Microstructural characterization:  Transmission optical micrographs of
longitudinal and transverse cross-sections of the RDWEL were acquired with an
Olympus BX51 microscope (X5 magnification) equipped with a digital CCD camera
(Q Imaging, RETIGA EXi, Mono 12-bit, non-cooled). Transverse micrographs of the
23 waveguide sub-populations in the RDWEL were acquired by mounting the sample
on a self-designed micro-goniometer stage and gradualy tilting it so that
sub-populations of waveguides coincided in turn with the optic axis of the microscope.
(See Supplementary Information S3.3).

Optical characterization of RDWEL: To demonstrate its radial distribution of
waveguides and therefore its continuous, panoramic FOV, the RDWEL sample was
mounted on a rotation stage with an angular resolution of 1XFigure 3.3a). Keeping the
incident incandescent beam and imaging optics stationary, the sample was rotated from
—50 <o 50 <with respect to the incident incandescent beam; its spatial intensity profile
at the exit face (at z = 2.0 mm) was imaged through a plano-convex lens pair onto a
CCD camera.

FOV of the RDWEL: The FOV of the whole RDWEL corresponds to the sum of
the collection angular ranges of its constituent waveguides. To quantitatively determine
its FOV, we divided the waveguide population of the RDWEL into 23 sub-populations,
each comprising 9 to 16 waveguides, and measured their respective cumulative
collection angle ranges. Each sub-population was centred about a waveguide with Oy =
432,95 430.59427.9 #25.25 422.3< #19.35 #6.3< #13.1549.9946.65 43.35and
0< relative to z axis. For measurements, we rotated only the RDWEL about its central

axis (Figure 3.4a) so that 6y coincided with the propagation axis (z) of the probe
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incandescent beam; accounting for refraction, the RDWEL was therefore rotated by
4559 450 #45< 40 335 230 225 20 H5< H0< 25°(and 0 relative to its
normal. Keeping the probe beam stationary, we then rotated the optical rail bearing the
RDWEL, imaging lenses, the aperture placed before the lenses to filter stray light and
CCD camera over a 16<arc (i.e., 28 about z and acquired spatial intensity profiles of
the RDWEL exit face at 0.5<intervals. In this way, we determined the angular range
over which each sub-population collected and waveguided light to the exit face of the
RDWEL.

Panoramic imaging by the RDWELs: A set of five illuminated objects were
placed along an angular range of —45°to 45<at a distance of ~4.5 mm from the
entrance face of the RDWELSs. Images of the five objects transmitted through the
RDWEL both individually and simultaneously were captured with a planar CCD chip
(image area 8.8 x 6.6 mm, 1360 (H) x 1024 (V) of 6.45 um square pixels; sensitivity
range = 350 nm to 1150 nm; WinCamD™ digital camera, Data Ray Inc., USA), which
was positioned at ~ 1 mm from its exit face. A neutral density filter (ND = 2) was placed

between the sample and the chip.
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S3.1 Determination of angles of all the waveguides in the RDWEL

To find out the angle of all the waveguides in the RDWEL, we employed ray
tracing as shown in Figure S3.1. The pitch curveture of the Fresnel lens is modified so
that collimated light incident from normal would focus at the same point (Focal point)
in air (See the blue light rays in Figure S3.1). When placing a photomask and the
polymerisable sol behind the Fresnel lens, the normal incident light would refract

multiple times at the interfaces (See the red traces), each time follows Snell’s law.
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Figure S3.1. Schematic diagram showing the ray tracing method used to indicate the
angular directions of the waveguides in the RDWELs. Blue lines depict the
transmission traces of the normal incident light through a bare Fresnel lens. The red
ones indicate the transmission traces through the Fresnel lens, a photomask and the
photopolymerisable sample.

Based on the schematic diagram and the light rays, we can obtain the following
formulas:
tand, =d/ (FL —T/2) No XSiné, = Ny Xsind;
N, Xsinfz = Ny Xsind; Ny XSinf3 = N3 XSind,
d’=d— T’ xtanf;
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Where ng = 1.00, n; =1.46,n, =155, n3 =151, FL=7mm, T=2mm,and T’ =
1.5mm.

By assigning d with different numbers and substitute the above parameters, we
can find out the angles of the beam before (in air) and after refracting into the
photopolymerisable sample at different entrance points. The refraction angles versus

off-centered position is plotted in Figure S3.2.

60 -
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Figure S3.2. Plots showing the refraction angles of the beam before (red curve) and
after (black curve) refracting into the photopolymer versus the off-centerd distance of
their starting point at the entrance face of the RDWEL.

Beam angle (°)

Fe e I

Since we place a photomask in front of the sample cell, the broad beam would split
into discret microscopic light rays and subsequently inscribe the waveguides. As the
photomask has a periodicity of 80 um, the off-centered positions of waveguides at the
entrance face of the RDWEL are located every 80 um. Therefore, By assigning d’
(off-centered distance, see Figure S3.1) with values from 0 mm to 8 mm (radius of the
ring shaped sample cell) with 0.08 mm intervals, we can find out the angles of all the
waveguides in the RDWEL. (As the RDWEL is symmetric, we only care about half of

the waveguides).
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Table S3.1 Summary of the angles of all the waveguides in the RDWEL
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d'/mm 6y/° d'/mm 6ug/° d'/mm  Oug/° d'/mm  Oug/° d'/mm  Oug/°
000 000 160 1152 320 2053 480 26.66 640 30.70
008 060 168 12.04 328 2090 4.838 2691 648 30.86
016 121 176 1256 336 2126 496 2715 6.56 31.01
024 181 184 13.07 344 2162 504 2738 6.64 3117
032 241 192 1356 352 2197 512 2761 6.72 3132
040 3.01 200 1405 360 2231 520 2784 6.80 3147
048 361 208 1454 368 2264 528 2806 6.88 3161
056 420 216 15.02 376 2297 536 2827 6.96 3176
064 479 224 1549 384 2329 544 2848 7.04 31.90
072 537 232 1595 392 2361 552 2869 7.12 32.03
080 596 240 1641 400 2392 560 2889 720 3217
088 654 248 16.86 4.08 2422 568 29.09 7.28 32.30
096 711 256 1729 416 2451 576 2928 7.36 3243
104 768 264 1772 424 2480 584 2947 744 3255
112 825 272 1815 432 25.09 592 2966 752 32.68
120 881 280 1857 440 2536 6.00 29.84 7.60 32.80
128 936 288 1897 448 2563 6.08 30.02 768 32.92
136 991 296 1937 456 2590 6.16 3019 776 33.04
144 1045 3.04 1976 464 2616 624 3036 7.84 3315
152 1099 312 2015 472 2641 632 3053 792 33.26

8.00 33.37

S3.2 Calculation of the angular acceptance ranges of waveguides with slant angle

but flat entrance face

A slanted waveguide with flat surface is depicted in Figure S3.3. The waveguide

angle, the corresponding refraction angle of the waveguide angle in air, and the

boundary angles of the acceptance range are written as Oy, and Gng, a and g,

respectively (relative to the z axis). The refractive indices of air, waveguide core, and

waveguide cladding are recorded as nNo, Neore, @aNd Neiadgding, respectively. The beams

which incident onto the entrance face of the waveguides at the boundary angles are

naturally refracted at the air-waveguide interface, then suffer total internal reflection
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(TIR) at the core-cladding interface of the waveguide (See the red and black traces).
The critical angle at which total internal reflection occurs is written as 6. (relative to
the normal of the waveguide wall).

To find out the angular acceptance range of a slant waveguide, we need to apply
Snell’s law twice - firstly at the core-cladding interface of the waveguide, secondly at

air-waveguide interfaces. Therefore, we can generate the following formulas:

n ><sin0C =n

*sin90<°
core g

claddin

N, xsina=n_  <sin[Owg— (90° — 6c)]

re

N, xsing=n_ . ><sin[Ogt+ (90° — 6;)]

re

In our case of study, No, Neore, aNd Nejandding are 0, 1.511, and 1.510 (An = 0.001)!!
respectively. With this information, we calculated the acceptance ranges of different
slanted waveguides (wavegudi angle refer to that presented in Table S3.1), as shown in

Table S3.2. (Note: (Bwg —a) and (8 —6wg) refer to 61> and 0, in Figure 3.1a in the

manuscript).
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Figure S3.3. A schematic diagram of ray tracing in a slant waveguide with flat

surface.

Table S3.2 Acceptance ranges (in the form of boundary angles) of waveguides with
different slant angles but flat entrance faces

Ouwg /< Orwg 1< al® pIe (OFWQ —a) /< (B _OVWQ) <
0.00 0.00 -3.15 3.15 3.15 3.15
0.60 0.91 -2.24 4.06 3.15 3.15
1.21 1.82 -1.33 4,98 3.15 3.15
1.81 2.73 -0.42 5.89 3.15 3.16
2.41 3.64 0.49 6.80 3.15 3.16
3.01 454 1.39 7.70 3.15 3.16
3.61 5.45 2.30 8.62 3.15 3.17
4.20 6.35 3.20 9.52 3.15 3.17
4.79 71.24 4.09 10.42 3.15 3.18
5.37 8.13 4.97 11.31 3.16 3.18
5.96 9.02 5.86 12.21 3.16 3.19
6.54 9.90 6.74 13.09 3.16 3.19
7.11 10.78 7.61 13.98 3.17 3.20
7.68 11.65 8.48 14.86 3.17 3.21
8.25 12.51 9.34 15.73 3.18 3.21
8.81 13.38 10.20 16.60 3.18 3.22
9.36 14.22 11.04 17.45 3.19 3.23
9.91 15.07 11.88 18.31 3.19 3.24
10.45 15.90 12.71 19.15 3.20 3.25
10.99 16.73 13.52 19.99 3.20 3.26
11.52 17.55 14.34 20.82 3.21 3.27
12.04 18.36 15.14 21.64 3.22 3.28
12.56 19.16 15.94 22.45 3.22 3.29
13.07 19.96 16.73 23.26 3.23 3.30
13.56 20.74 17.50 24.05 3.24 3.31
14.05 21.51 18.26 24.84 3.25 3.32
14.54 22.28 19.02 25.61 3.26 3.34
15.02 23.03 19.76 26.38 3.27 3.35
15.49 23.78 20.50 27.14 3.28 3.36
15.95 24.52 21.23 27.90 3.29 3.38
16.41 25.25 21.95 28.64 3.30 3.39
16.86 25.97 22.66 29.37 3.31 3.40
17.29 26.67 23.35 30.09 3.32 3.42
17.72 27.37 24.04 30.80 3.33 3.43
18.15 28.06 24.72 31.51 3.34 3.45
18.57 28.74 25.38 32.20 3.35 3.46
18.97 29.40 26.04 32.88 3.37 3.48
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19.37 30.06 26.68 33.55 3.38 3.50
19.76 30.70 27.31 34.22 3.39 3.51
20.15 31.34 27.94 34.87 3.40 3.53
20.53 31.97 28.55 35.52 3.42 3.55
20.90 32.59 29.16 36.16 3.43 3.57
21.26 33.20 29.76 36.79 3.44 3.58
21.62 33.80 30.35 37.40 3.46 3.60
21.97 34.39 30.92 38.01 3.47 3.62
22.31 34.97 31.49 38.61 3.48 3.64
22.64 35.55 32.05 39.20 3.50 3.66
22.97 36.11 32.60 39.79 3.51 3.68
23.29 36.66 33.13 40.36 3.53 3.70
23.61 37.21 33.67 40.93 3.54 3.72
23.92 37.75 34.19 41.48 3.56 3.74
24.22 38.27 34.70 42.03 3.57 3.76
24,51 38.79 35.20 42.57 3.59 3.78
24.80 39.31 35.70 43.11 3.60 3.80
25.09 39.81 36.19 43.63 3.62 3.82
25.36 40.30 36.67 44.15 3.64 3.84
25.63 40.79 37.14 44.65 3.65 3.87
25.90 41.27 37.60 45.15 3.67 3.89
26.16 41.74 38.05 45.65 3.69 3.91
26.41 42.20 38.50 46.14 3.70 3.93
26.66 42.66 38.94 46.62 3.72 3.96
26.91 43.11 39.38 47.09 3.74 3.98
27.15 43.56 39.80 47.56 3.75 4.00
27.38 43.99 40.22 48.02 3.77 4.03
27.61 44.42 40.63 48.47 3.79 4.05
27.84 44.84 41.03 48.91 3.81 4.08
28.06 45.25 41.43 49.35 3.82 4.10
28.27 45.66 41.82 49.78 3.84 4.12
28.48 46.06 42.20 50.21 3.86 4.15
28.69 46.46 42.58 50.63 3.88 4.17
28.89 46.85 42.95 51.05 3.89 4.20
29.09 47.23 43.32 51.46 3.91 4.23
29.28 47.61 43.68 51.86 3.93 4.25
29.47 47.98 44.03 52.26 3.95 4.28
29.66 48.34 44.38 52.65 3.97 4.30
29.84 48.71 44.72 53.04 3.99 4.33
30.02 49.06 45.06 53.42 4.00 4.36
30.19 49.41 45.39 53.79 4.02 4.38
30.36 49.76 45.71 54.17 4.04 441
30.53 50.09 46.03 54.53 4.06 4.44
30.70 50.43 46.35 54.89 4.08 4.47
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30.86 50.75 46.66 55.25 4.10 4.49
31.01 51.08 46.96 55.60 4.12 4.52
31.17 51.40 47.26 55.95 4.14 4.55
31.32 51.71 47.56 56.29 4.16 4.58
31.47 52.02 47.85 56.63 4.17 4.61
31.61 52.33 48.13 56.96 4.19 4.64
31.76 52.63 48.42 57.30 4.21 4.67
31.90 52.93 48.69 57.62 4.23 4.70
32.03 53.22 48.96 57.94 4.25 4.72
32.17 53.50 49.23 58.26 4.27 4.75
32.30 53.79 49.50 58.58 4.29 4.79
32.43 54.07 49.76 58.88 431 4.82
32.55 54.34 50.01 59.19 4.33 4.85
32.68 54.61 50.26 59.49 4.35 4.88
32.80 54.88 50.51 59.79 4.37 491
32.92 55.15 50.76 60.09 4.39 4.94
33.04 55.41 51.00 60.38 441 4.97
33.15 55.66 51.24 60.67 4.43 5.00
33.26 55.92 51.47 60.95 4.45 5.03
33.37 56.17 51.70 61.23 4.47 5.06

As 6y increases, the outer boundary of the acceptance cone (f) also increases. By
extending the table above, we obtained the 8,y = 39.35°when f is approaching 90<
Therefore, a FOV = 180<could be obtained if the peripheral waveguides of a RDWEL

are oriented at G,y = #39.35%

S3.3 Transverse micrographs of all the 23 waveguie sub-populations

To characterize the transverse cross-sections s of the entire population of radially
distributed waveguides in the RDWEL, we mounted the sample on a
micro-goniometer stage and monotonically tilted it so that sub-populations of
waveguides coincided in turn with the optic axis of the microscope. The micrographs

are shown in Figure S3.4.
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Figure S3.4. Transverse micrographs of all the 23 waveguide sub-populations of the
RDWEL. The tilting angle are labeled. Scale bar = 250 pm.

S3.4 Clarification of the FOV measurements

From Table S3.2, we can see the refraction angle of a 33°(6,,4) waveguide is 55.33°
(6rwg), the corresponding boundary angles are a = 50.92<and £ = 60.29< (all angles
are relative to the surface normal of the whole RDWEL sample).

During the FOV measurement, we rotated the sample by 55° (= ) first to probe
the 33°waveguide sub-population of the RDWEL, we then rotated the whole optical
assembly except the light source by —8<to 8< so that the angular range of the incident
light spans from 47 “to 63 “relative to the surface normal of the whole RDWEL sample,
which cover the acceptance range (between 50.92<and 60.299 of the 33°waveguide
sub-populations.

Certainly we can rotate the RDWEL sample first by an angle other than the
refraction angle (~559, for instance any angle between (60.29°— 8<) and (50.92°+ 89,

the subsequent angular range of the incident light would always cover the acceptance
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range of the 33 °waveguide sub-population, however, we used the refraction angle (Grug

=559 on the one hand for the simplicity (directly calculated from the refraction angle

of the waveguide); on the other hand the refraction angle of the waveguide remains very

close to the center of the boundary angles (6w = 55< a = 50.92and = 60.29) (Also

see the last two colomns of Table S3.2).

For the FOV measurement of other waveguide sub-populations, we can adopt the

method we describe above. We first rotate the RDWEL by g, Where Gy corresponds

to the refraction angle of any of the 22 waveguide sub-populations (with central angle

of Awg). We then rotate the optical components except the light source by —8to 8< The

sampling angular range of the incident light would always cover the angular range of

the waveguide sub-populations.

S3.5 FOV summary of the waveguide sub-populations of the RDWEL

Table S3.3 Summary of the FOVs of the 23 waveguide sub-populations in the

RDWEL
FOV FOV  Enhanced FOV FOV  Enhanced
Sample b Sample b
Range”/°  value/°  FOV Range”/© value/®  FOV
RDWEL -57.6 ~-51.6 6.0 RDWEL 1.5~9.0 75
-55@ 67% 5o 103%
Control -56.8 ~-53.2 3.6 Control 3.1~6.8 3.7
RDWEL  -53.2 ~-46.8 6.4 RDWEL  7.3~13.0 5.7
-50° 78% 10° 54%
Control  -51.7 ~-48.1 3.6 Control 8.2~11.9 3.7
RDWEL  -48.2~-42.1 6.1 RDWEL 11.9~17.9 6.0
-45°© 65% 15° 62%
Control -46.8 ~-43.1 3.7 Control  13.1~16.8 3.7
RDWEL  -43.6 ~-36.2 7.4 RDWEL 16.6~23.9 7.3
-40° 106% 20° 102%
Control -41.8 ~-38.2 3.6 Control  18.2~21.8 3.6
-35© RDWEL -38.4~-32.1 6.3 70% 25© RDWEL 21.8~29.2 7.4 100%
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Control -36.8 ~-33.1 3.7 Control  23.1~26.8 3.7
RDWEL -34.6 ~-25.6 9.0 RDWEL 25.3~33.8 8.5

-30° 150% 30° 136%
Control -31.8 ~-28.2 3.6 Control  28.2~31.8 3.6
RDWEL -289~-21.7 7.2 RDWEL 30.9~39.3 8.4

-25@ 95% 35°e 127%
Control -26.8 ~-23.1 3.7 Control  33.2~36.9 3.7
RDWEL -23.3~-17.2 6.1 RDWEL 35.5~43.9 8.4

-20° 69% 40 133%
Control -21.8~-18.2 3.6 Control  38.2~41.8 3.6
RDWEL ~18.0~-12.6 5.4 RDWEL 41.4~48.4 7.0

-15@ 46% 459 89%
Control -16.8 ~-13.1 3.7 Control  43.1~46.8 3.7
RDWEL -126~-7.3 5.3 RDWEL 47.3~53.0 5.7

-10° 47% 50 58%
Control -11.8~-8.2 3.6 Control  48.2~51.8 3.6
RDWEL -7.4~-23 5.1 RDWEL 52.0~57.6 5.6

-5e 38% 55 56%
Control -6.9~-3.2 3.7 Control  53.2~56.8 3.6
RDWEL -29~3.0 5.9

oe 59%
Control -1.9~1.8 3.7

2 determined at 1/e” of the plots.
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Chapter 4

Waveguide-Imprinted Polymer Slim Films: Beam
Steering Coatings for Solar Cells
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Abstract

We report that transparent polymer coatings imprinted with tilted planar
waveguides significantly reduce optical loss caused by scattering of incident light by
the front metal contacts of solar cells. A periodic array of planar waveguides oriented at
specific angles with respect to the film’s surface normal efficiently captures and steers
incident light away from contacts and in this way, suppresses scattering. These beam
steering films are fabricated in a single, room temperature step by self-trapped
incandescent beams, which inscribe multimode planar waveguides oriented at angles
ranging from 0° to 2.7° in photopolymerizable epoxide resin. We characterized the
microstructural and optical properties of the films and demonstrated their ability to
deflect incident white light — comparable to sunlight - by as much as 180 um from the
typically . Solar cells coated with beam steering films showed significant enhancements
in external quantum efficiency (EQE) of up to 4.42 % relative to unstructured films.
This first demonstration of waveguide-based deflection of light from metal contacts
represents a facile, inexpensive, low energy approach to EQE enhancement, which can
be integrated without disrupting the well-established solar cell manufacturing

technologies.
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4.1. Introduction

The extensively employed Si solar cell® is typically patterned with Ag contacts -
referred to as “fingers” or “bus bars” - which efficiently extract photo-generated charge
carriers. However, shading, reflection and scattering of light incident on these metallic
top contacts lead to optical losses of up to 10%.2“* Although losses can be reduced by
tailoring the shape and size of the contacts® ® or relocating them to the back surfaces of

10-12

solar cells, these approaches involve disrupting mature fabrication technologies.

The native structure of the solar cell can be preserved by configuring deflective'**® or

diffractive'®®

elements within its coating or encapsulant: for example, laser-inscribed
scattering and diffractive structures in an ethylene vinyl acetate encapsulant reduced
optical shadowing by up to 17% with a corresponding, calculated increase of 0.7% to
1.2% in photocurrent,** while diffractive gratings embedded in the cover yielded up to
2.8% increase in photon flux.'® In another example, a “front side diffuser” created by
laser-roughening the cover regions directly above the metal contacts resulted in an
increase in short circuit current (Jsc) of up to 3.3%,'” whereas screen-imprinted
polystyrene beads in an acrylic resin coating yielded a 5.2% increase in external
quantum efficiency (EQE).® Periodic prisms within an encapsulant achieved 5.7%
enhancement in Jsc and 5% increase in EQE;13 prismatic freeform surfaces exhibiting
cloaking behaviour led to increases of 7.3% and 9.3%, respectively in Jsc and power
conversion efficiency, respectively.™

We now show that slim (3 mm) polymer beam steering coatings imprinted with

planar waveguides decrease the losses associated with the metal contacts of Si solar

cells. Our approach relies on a periodic array of multimode, multiwavelength planar
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waveguides, which confine and steer incident light away from the metal contacts onto
adjacent Si surfaces (Figure 4.1a). The planar waveguides both decrease optical loss
due to scatter but also deliver optical intensity to active regions of the solar cell and in
this way, contribute to a significant increase in conversion efficiency.’** These beam
steering coatings are generated in a single, room temperature technique by generating
self-trapped beams of white incandescent light in an epoxide matrix, which was
selected for its transparent and thermomechanical stability. Because they are
self-inscribed by incandescent beams, the planar waveguides can support the multiple
modes and wavelengths of these optical fields — and therefore, sunlight. We detail
below the working principles, fabrication and characterization of the beam steering
films and then examine their effectiveness as coatings for commercially available Si

solar cells.

4.2. Results and Discussion
4.2.1. Working Principles

Figure 4.1 summarizes the working principles of the beam steering coating, which
consists of a ~3000 pum-thick polymer film imprinted with a periodic array of slab
waveguides oriented at an angle & with respect to the surface normal (¢ = 0°) . Each
waveguide is 80 um-wide with a refractive index contrast (An) of 0.002 with respect to
its surroundings where n = 1.51. We know from previous studies that waveguides with
these parameters support the multimoded, polychromatic wavepackets that characterize
incandescent light including sunlight (vide infra).?** Beam propagation simulations

trace the behaviour of a Gaussian (532 nm) beam, which was launched along the
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coating’s surface normal into a single planar waveguide; select longitudinal (Figure
4.1b) and transverse (Figure 4.1c) cross-sections show that under these conditions, light
is confined within waveguides with 8 < 2.7< In this range, the waveguide effectively
steers the incident beam away from its original propagation axis of 0° by a maximum of
2.7°(please see Supplementary Figure S4.1 for entire set of simulations).

The beam steering behaviour of a single waveguide is quantified in Figure 4.1d,
which plots the physical orientation (6) against the consequent displacement of the
waveguide from the surface normal. The corresponding peak intensities of the Gaussian
beam launched into the waveguide along the surface normal are plotted in red. The plots
reveal that for § < 2.7< waveguided light is confined within the boundaries of the
respective waveguide and in this way, deflected from its original propagation axis along
the surface normal. The plot in Figure 4.1e traces the total power of the Gaussian beam
at the exit face of the waveguide; the loss of waveguiding for 6 < 2.7 <is indicated by an
abrupt drop in power.

The operational range of the beam deflection coating is determined by the angular

acceptance range of the planar waveguides®>?°

— light incident at angles within this
range suffer total internal reflection (TIR) at the waveguide boundaries and is guided as
loss-free optical modes. (Please see supplementary section S4.2 for detailed
information). Based on parameters of width and An, the waveguides in our system
possess an absolute acceptance angular range of 8.92< For example, the waveguide
with 8 = 0<captures and guides light with angles of incidence range from —4.46°to

+4.46< light propagating along the surface normal (i.e., with an incidence angle =09 is

therefore efficiently guided. The acceptance ranges of waveguides with 8 > 0°must
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now account for refraction at the waveguide entrance; corresponding calculations show
that light with an incident angle = 0<falls within the acceptance angular ranges of
waveguides with # <2.65°. For example, the acceptance ranges of waveguide with 6 =
2.65°and 3.31°span —0.45° to 8.48° and 0.55° to 9.49°, respectively. Light launched
along the surface normal is therefore guided and steered by the former while it doesn’t

satisty waveguiding conditions for the latter and propagates as a “lossy mode”.?
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Figure 4.1. Working principles of the beam steering coating. (a) Schematic diagram of
employing slanted slab waveguides as beam steering elements for solar cells. The
waveguide slabs are oriented at small slants relative to the surface normal. The inset
shows the geometry and orientation of a single slab waveguide. Beam Propagation
Method (BPM) simulations of the propagation of a Gaussian beam (633 nm) launched
along the surface normal (z) of a 3000 pm-thick polymer film containing a planar
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waveguide (An = 0.002) oriented at 0.00< 0.66< 1.33< 1.99< 2.65< and 3.31°with
respect to z. (b) Longitudinal (xz) and (c) transverse (xy) cross-sections are presented.
The intensity scale bar is provided. (d) Plot showing the physical orientation and
boundaries of waveguides and the resulting displacement from the normal at the exit
face (in black). Peak intensity of light (in red) launched along the surface normal at the
waveguide exit. (e) Plot of optical power at waveguide exit versus waveguide
orientation.

4.2.2. Fabrication and Characterization

We employed self-trapped beams of incandescent light to inscribe periodic arrays
of planar waveguides in planar, 3000 pm-thick epoxy films.?*%" In this method, a
collimated beam of incandescent light is passed through a 1-D periodic amplitude mask
(A=2.4mm) (Figure 4.2a, INSET) and launched into the optically flat entrance face of
a transparent, cylindrical cell (d = 16 mm, pathlength = 3000 pm) containing
photopolymerizable epoxide sol. The beam, now bearing a 1-D periodic pattern of
stripes, is launched at incident angles of 0, 1< 2< 3<or 4 °relative to the surface normal,
after refraction at the air-sample interface, the striped beam propagates through the sol

8.2 5 it

at 0.0< 0.7< 1.3< 2.0°or 2.7< respectively. The beam naturally diverges
propagates through the 3000 um pathlength of the sol; for example, a single stripe is
~300 pm (1/e®) wide at the entrance and diverges to a maximum width of ~430 um at
the sample exit face (Figure 4.2b). However, as photopolymerization of epoxides
moieties and corresponding changes in refractive index (An) are initiated, the system is
pushed into the nonlinear regime. Under these conditions, the stripes undergo a
combination of self-trapping and filamentation due to modulation instability

(M1).%31 Because of the characteristically slow evolution of the cationic

polymerization reaction (ranging from ms to minutes), the corresponding changes in An
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are insensitive to the fs-scale phase and amplitude fluctuations, which characterize
incandescent light.*® The polymerizing medium therefore responds only to the
time-averaged, “smoothed” profile of the incandescent “stripes”, enabling them to

24212331 This is observed as a

self-trap and propagate with negligible divergence.
significant narrowing of the width of each “stripe” at the sample exit face to a minimum
of ~270 um. In this way, each self-trapped stripe inscribes a planar waveguide along its
propagation path; self-trapping is accompanied by MI-induced filamentation within
each stripe, which is observed as the division of each stripe into hundreds of
microscopic maxima — corresponding to individual cylindrical fibers confined within
each planar waveguide. Although the bright stripes of the incident beam possess
maximum intensity, the dark areas of the beam are sufficiently intense to polymerize the
remainder of the epoxide medium, which transforms into a solid. However, because the
extent of polymerization (and corresponding An) are greatest within the bright stripes,
these regions serve as efficient planar waveguides.

The periodic array of planar waveguides inscribed in the epoxide film is visible to
the naked eye (Figure 4.2c, left column). The yellow colour of the transparent film
originates from residual blue-absorbing photosensitizer camphorquinone (see
Supplementary Figure S4.3 for details). Optical micrographs of the transverse (xy)
plane (Figure 2c, top-central and top-right) reveal the periodic array (A =~ 2.4 mm) of
planar waveguides, each with a width of ~280 um, which is consistent with CCD
images (Figure 4.2b). Magnified micrograph reveals that each planar waveguide

comprises a densely packed bright spots — these correspond to cylindrical waveguides

inscribed by MI-induced filamentation, which entrap and guide the probe beam of the
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microscope. However, these cylindrical waveguides are strictly confined within each
stripe, which effectively behave as planar waveguides. The concentration of light in the
central region of each planar waveguide (where An is greatest)* is evident both in the
spatial intensity profiles (Figure 4.2b) and corresponding micrographs (Figure 4.2c).
Optical micrographs of the longitudinal (xz) cross-section of the coating confirm that
the planar waveguides propagate through the 3000 um pathlength of the sample and in
this particular case, are oriented at ~2.7 °with respect to the surface normal. (This is
consistent with the refracted propagation angle of the incident beam, which was

launched at an incident angle of 4 into the sample entrance face).

a

QTH g, Sk L L
region

Figure 4.2. (a) Scheme of optical assembly employed to fabricate beam steering
coatings: incandescent light emitted by a quartz-tungsten-halogen (QTH) lamp is
collimated (L;) and launched through an amplitude mask into a transparent cell
containing photopolymerizable epoxide fluid (S) mounted on a rotation stage (R,
resolution = 1. Spatial intensity profiles of the exit face of S are imaged through a
plano-convex lens pair (L, and Ls) onto a CCD camera. Inset shows amplitude mask
patterned with a periodic (4 = 2.4 mm) array of stripes (thickness = 300 um) placed
flush with the entrance face of S. Dark orange stripes correspond to waveguides
induced by stripes. (b) Spatial intensity profiles acquired at the exit face (z = 3000 pum)
of S before (top) and after (down) inscription of waveguides (scale bar = 500 pm; colour
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bars provide relative intensity). Insets are magnified images of individual stripes with
corresponding 1-D profiles (scale bar = 100 um). (c¢) Photographs (left) and
corresponding optical micrographs of transverse and longitudinal cross-sections of a
beam steering coating; in these samples, planar waveguides possess 8 = 2.7<

4.2.3. Proof of Beam Steering

Results in Figure 4.3 provide evidence of beam steering by an epoxide film
imprinted with planar waveguides oriented at & = 2.7< In these experiments, we
launched a weak laser beam (633 nm) with diameter ~190 pm (1/e?) along the surface
normal of the film at varying distances (along x) from the central axis (x = 0 um) of a
single planar waveguide, which had a width of ~270 um (Figure 4.3b, first column); we
then monitored the spatial intensity profile of the beam at the exit face of the film with a
CCD camera (Figure 4.3b, second column). The sequence of spatial intensity profiles
show that the beam is steered away from its original trajectory (indicated by a dashed
white light) as it approaches the vicinity of the planar waveguide. The results are
quantified in a plot of displacement (Ax) at the exit face against the input position of the
beam at the entrance face. Ax corresponds to the distance of the output beam relative to
its input position along x, which is indicated by the dashed white line.

Beam steering by the planar waveguide occurs as follows (Figure 4.3b): in (1), the
laser beam is incident at long distances at x = 750 um from the planar waveguide and
propagates along the surface normal, retaining its original trajectory through the sample.
Here, the displacement (AX = Xexit — Xentrance) Of the beam is 0 um. When the beam
approaches the boundaries of the ~270 um-wide planar waveguide at x = 250 um (2)
and 200 um (3), it becomes increasingly shifted away from its original trajectory; in (3),

the originally circular spatial intensity profile of the beam becomes distorted as
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intensity gravitates towards the planar waveguide. When the beam is incident at x = 175
um, a significant fraction of light suffers total internal reflection at the right boundary of
the waveguide and suffers maximum deflection, Ax =~ —-181 um (in (4)). The output of
the beam, which is now confined within the planar boundaries of the waveguide, is no
longer circular but is instead approximately rectangular shape; microscopic maxima
within each rectangle correspond to light entrapped within the MI-induced cylindrical
waveguides.

In (4) to (6), the beam remains entrapped within the waveguide as it is translated
from x = 175 pum to O um; in (6) to (8), the beam starts to reach the left boundary of the
waveguide, and are thereby refracted towards the right of the dotted line. The maximum
deflection of Ax ~ 155 um were found at x = —100 um. This is commensurate with the
maximum calculated deflection of 142 um (3000 um x tan(2.7<)) for a waveguide with
6 = 2.7< At long distances, X = -500 um (9) and —725 um (10), the beam retains its
original trajectory through the film. This behaviour is quantified in Figure 4.3c, which
plots Ax of the beam incident from x =—1125 pum to 1125 pm (see Supplementary Figure
S4.5 for complete set of spatial intensity profiles corresponding to the points in Figure
4.3c). Importantly, the power of the beam remained constant regardless throughout the
measurements and did not change significantly with the position of the incident beam
(Supplementary Figure S4.6), indicating that waveguiding did not introduce significant

attenuation.
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Figure 4.3. (a) Scheme of optical assembly employed to characterize beam steering
behaviour. A 633 nm laser beam was attenuated by a neutral density (ND) filter and
focused through a plano-convex lens (L) onto the beam steering coating (S), which was
mounted on a translation station (resolution 210 um). The spatial intensity profile of the
beam at the exit face of S was imaged onto a CCD chip. (b) Images in the first column
trace the incident position (x) of the input beam (in red) to a single planar waveguide
(dark orange) in the coating; black dotted line indicates x = 0 um. Corresponding spatial
intensity profiles of the beam at the exit face of S are provided in the second column.
Images (1) to (10) correspond to X = 750 pum, 250 um, 200 um, 175 pm, 50 pm, 0 pm,
=50 pm, —100 um, =500 pum, and —750 pm, respectively, where the “—” refers to the
laser beam entering the film from the left side of the waveguide. Dotted white lines in
the spatial intensity profiles trace the trajectory of the beam in the absence of a
waveguide. Scale bar = 200 pum. (c) Plot of the displacement (Ax) of the incident beam
(relative to its trajectory in the absence of a waveguide) at the exit face of the sample.

4.2.4. Enhanced EQE of Solar Cells
The beam steering coatings deflect incident light away from the metallic contacts

of solar cells and in this way, increase the EQE of a commercially available solar cell
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(Figure 4.4). Schemes in Figure 4.4a-b show that scattering and reflection is prevented
when incident light is steered by a waveguide (¢ = 2.7°) away from the contact onto the
adjacent Si surface. This is confirmed in corresponding photographs of identical solar
cells coated with unpatterned and waveguide-imprinted films, respectively, which show
that scattering of an incident laser beam (633 nm) is significantly suppressed in the
latter.

To quantify this behaviour, we measured the relative increase in EQE of solar cells
coated with films containing waveguides at varying 6. The transparent coatings were
placed on the solar cells so that the entrance faces of the planar waveguides were
aligned with the metal contacts; samples typically consisted of ~3 or 4 waveguide-metal
contact pairs. Measurements acquired under standard solar spectral conditions are
presented in Figure 4.4c; the decrease in EQE values between 400 nm and 500 nm
corresponds to absorbance by residual photosensitizer in the coatings (see
Supplementary Figure S4.3). Remarkably, all waveguide-imprinted coatings result in
an overall increase in EQE relative to a waveguide-free but otherwise identical coating
(details are provided in Supplementary Table S4.2). Results were reproducible and EQE
averages (over the entire 400 nm to 1100 nm range) of thrice-repeated experiments for
all samples are plotted in Figure 4.4d; these correspond to EQE enhancements relative
to the control 0f 2.18 % (6 =09, 1.88 % (6 = 0.79, 2.63 % (6 = 1.39, 4.42 % (9 = 2.09
and 4.33 % (0 = 2.65%). Employing a spectrum of 1.5 AM, the calculated short circuit
currents (Jsc) for films imprinted with waveguides at § = 0< 0.66< 1.33< 1.99<and
2.65°were 279.1 Am™, 284.6 Am™, 283.6 Am?, 285.9 Am™, 290.9 Am™, respectively.

For the waveguide imprinted films, these values correspond to enhancements of 1.98 %,
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1.60 %, 2.45 %, 4.24 %, and 4.22 %, respectively and are commensurate with observed
enhancements in total EQE.

The general increase in EQE enhancement with 6 can be attributed to the
orientation of the planar waveguides and the extent to which they steer light away from
metal contacts (Figure 4.4e). A broad beam of light incident along the surface normal of
the control — a film without waveguides - propagates without changing its trajectory
through the sample; a portion of the beam that encounters the metal contact is scattered
or reflected. However, light that would normally encounter the contact is steered away
to the adjacent Si surface in coatings that contain slab waveguides; the extent of steering
and therefore the displacement of the beam from the metal contact increases with 6. For
example, waveguides with relatively small 8 (0.66< and 1.339 deflect light to a
maximum of 35 um and 70 um respectively and therefore not steer all of the light away
from the contacts whereas deflection exceeding 100 um can be achieved when 6
approaches values of 2.0< By suppressing reflection and scattering by the metal
contacts and moreover, delivering waveguided light intensity to the active regions of the

solar cell,*> % the coatings give rise to an increase in EQE and Jsc.

148



Ph.D. Thesis — Hao Lin; McMaster University — Department of Chemistry

80
70
60 -
S ol
w — WG
“(JJ 40+ ——0.66°WG
—1.99° WG
30+ ——1.32°WG
—265°WG
20 - S+—T—"T"TT T T T
500 600 700 800 900 1000
104 Wavelength (nm)
T T T T T T v T % T Lt U ¥
400 500 600 700 800 900 1000 1100
Wavelength (nm)

d

I I e e B
W %
(e}
w
T 654
°
|—

S ]

= ===

T T T T T

T
Control 0° 066° 1.32° 199 265  control 0° 0.66°

Figure 4.4. Beam steering coatings enhance the EQE of a Si solar cell. Incident light,
which would be (a) scattered and reflected is (b) steered away from the metal contact by
a waveguide with 8 = 2.7< Corresponding photographs show the marked decrease in
scattering in the latter. (c) External quantum efficiency (EQE) plots of solar cells coated
with unpatterned (control) and waveguide-imprinted polymer films. The inset is the
magnified region from 500 nm to 1000 nm. (d) Plot of average EQE of control and
polymer films imprinted with waveguides with varying 6. (e) Scheme of relative
orientation of waveguides with respect to a single metal contact. The displacement of
waveguided light away from the metal contact increases with 6. Regions of the incident
beam that propagate directly through the sample are indicated in green; yellow
corresponds to light that will reach the metal contact while red corresponds to light
coupled into the waveguide.

4.3. Conclusions

Si solar cells showed an enhancement in EQE of up to 4.42 % when coated with
epoxide films imprinted with a periodic array of tilted planar multimode,
multiwavelength waveguides. Designed to guide incandescent light including sunlight,

the waveguides serve the dual purpose of efficiently steering incident light away from
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the metal contacts and delivering optical intensity to the solar cell surface.*®?' The
resulting enhancement in EQE is significant especially in view of that the global
cumulative installed PV capacity in 2016 was over 300 GWp.1 The beam steering
coatings are fabricated in a single, room temperature step with low energy incandescent
light sources. This method, which does not disrupt the native architecture of Si solar
cells, would be amenable to large-scale fabrication through roll-to-roll processing for
example and facile integration with existing modules. Most importantly, the beam
steering films provide proof of a concept that is transferrable to other materials systems.
By tuning parameters such as the width, An and & of planar waveguides, it may also be

possible to further enhance conversion efficiency.

4.4. Materials and Methods

Preparation of photopolymerizable epoxide has been detailed elsewhere®?"33.
Briefly, 3, 4-epoxycyclohexylmethyl 3, 4-epoxycyclohexanecarboxylate (Sigma
Aldrich, Canada), epoxypropoxypropyl terminated polydimethylsiloxane (Gelest,
USA), and poly (tetrahydrofuran) (Sigma Aldrich, Canada) were mixed at 50 wt. %, 26
wt. % and 20 wt. %, respectively and combined with photoinitiator bis (4-tert-butyl
phenyl) iodonium hexafluoro antimonite (Hampford Research Inc., USA) and
photosensitizer camphorquinone (Amax = 468 nm) at 1.5 wt. %, and 2.5 wt. %,
respectively. The mixture was stirred vigorously over 48 hrs and filtered through a
polytetrafluoroethylene (PTFE) membrane (0.2 jm pore size, Pall Corporation USA)

prior to use. Sols were protected from exposure to ambient light at all times.

Fabrication of beam steering coatings were carried out on the optical assembly in
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Figure la. Incandescent light (300-1100 nm) emitted by a quartz-tungsten-halogen
(QTH) lamp (Cole-Parmer, USA) was collimated with a planoconvex lens (f. 1. = 250
mm, d = 25.4 mm). The beam was then passed through an amplitude mask with a -D
periodic array of slits (A = 2.375 mm, linewidth = 300 um) before being launched at 0<
1< 2< 3< and 4°with respect to the surface normal of a cylindrical sample cell (d = 16
mm, path-length = 3 mm) with optically transparent entrance and exit faces containing
the photopolymerizable epoxide sol. Upon refraction at the air/sample interface, the
beam propagated at an angle of approximately 0<0.7< 1.3< 2.0< and 2.7 < respectively
within the sol (n = 1.51%°). Samples were polymerized for 90 min. at an intensity of 16.9
mWem™. The spatial intensity profiles at the exit face of the sample cell (z = 3.0 mm)
were imaged through a pair of planoconvex lenses (f. I. = 250 mm, d = 25.4 mm) onto a
high-resolution, progressive scan, charged-coupled device (CCD) camera (1360 (H) x
1024 (V) of 4.65 um square pixels; sensitivity range = 350 nm to 1150 nm;
WinCamD™ digital camera, Data Ray Inc., USA) and monitored over time.

Microscopy Transmission optical micrographs of beam steering films were
acquired with a Nikon Eclipse LV100N POL epifluorescence microscope (Nikon
Instruments, Mississauga, ON, Canada), equipped with x2 and x4 physiological
objective lenses and a Retiga2000R cooled CCD camera (Qlmaging, Mono 12-bit,
non-cooled, Surrey, BC, Canada).

Optical characterization of beam steering A 633 nm He-Ne (Spectra-Physics)
beam was launched at normal incidence into the 3 mm-thick polymer film patterned
with a periodic array of waveguides oriented at 2.7 ©(Figure 2a). The laser beam was

monotonically translated along the film surface by a micrometer (resolution = 10 pum) at
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intervals of 25 um. The spatial intensity profile of the beam at the exit face of the film
was imaged by a CCD chip (image area 8.8 x 6.6 mm, 1360 (H) x 1024 (V) of 6.45 um
square pixels; sensitivity range = 350 nm to 1150 nm; WinCamD™ digital camera,
Data Ray Inc., USA), which was placed flush with the sample cell. A neutral density
filter was placed between the sample and the chip.

EQE of a commercially available solar cell (planar multi-crystalline Silicon
screen-printed solar cell (Sundance Solar) with a rated efficiency of 17%) that was
coated with a beam steering film containing waveguides with 6 = 2.7° was first
determined at 633 nm. Here, the beam was launched at normal incidence onto the
device surface. Recording the laser power and generated photocurrent, the EQE was

calculated according to:

electrons/sec current/e [l]

EQE = photons/sec  totla photon power/hv
where e is the charge of a single electron, h, Planck’s constant and v, the frequency of
the laser beam.

EQE measurements over the visible spectrum were carried out according to ASTM
standards (E1021-12) by employing a commercially available measurement system
(1QE 200B, Newport), which consists of an arc lamp modulated by a chopper (80 Hz),
an automated monochromator system, and electronics for measuring output current.
Beam steering films imprinted with waveguides with varying 6 (0< 0.7< 1.3< 2.0°and
2.7 were placed on the solar cells; the entrance faces of the waveguides were carefully
aligned with the metal contacts on the solar cell surface. The probe beam was always

incident from normal with respect to the film surface. For comparison, films with no

waveguides were also measured under the same condition. All measurements were
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conducted in the same region of the solar cell in order to eliminate positional
differences.
Beam Propagation Method (BPM)**¢ simulations of light propagation in planar

waveguides were implemented through the BeamPROP™

software package (RSoft
Products, Synopsys®, USA). Simulations were carried out for waveguides with 6
ranging from 0<=to 5<at intervals of 0.25< All waveguides were 80 um-wide and
possessed a step index profile with a refractive index contrast (An) = 0.002 with respect
to their surroundings. Gaussian beam was launched with an angle of 0<(parallel to the

z-axis) into the waveguides. Beam profiles in both xy and xz planes were captured, and

the total powers at the waveguide exit face were recorded.
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S4.1 Simulations of normal incident light propagation in cylindrical waveguides
with different orientations

The Beam Propagation Method (BPM) is employed for 3-D simulations of a
normal incident Gaussian beam (4 = 532 nm) propagating in channel waveguides with
slanted angles. The waveguides are 80 um-wide and 3 mm long (along z axis) with a
step index profile in refractive index. The waveguide core have higher refractive index
of n = 1.512 and surround regions have lower refractive index of n = 1.510 (These
parameters are chosen based on previous study). The waveguide angels are 0< 0.17<
0.335 0.50% 0.66< 0.83, 0.99< 1.169 1.339 1.49< 1.66< 1.82% 1.99% 2.15< 2.32%
2.48<2.65< 2.81< 2.98< 3.14< and 3.31 “respectively, which correspond to refraction
angles in air of 0°to 5°with 0.25<interval. Figure S4.1a shows the longitudinal (xz
planes) cross-sections of the simulation results, and Figure S4.1b shows the transverse

cross-sections (xy) of intensity profiles at the exit face of the waveguides.
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200 -200

0.83°

Figure S4.1. Beam propagation simulation of longitudinal (a) and transverse (b)
cross-sections of slanted channel waveguides when a 532 nm Gaussian beam is
launched with normal incidence into these waveguides. The labels refer to the refraction
angle of the waveguide angles. The intensity bar is provided, with red color refer to
intensity of 1, while white color refer to intensity higher than 1.

S4.2 Calculation of the acceptance range of slanted waveguides

The acceptance range of a waveguide is angular range over which light refractive
in the waveguide encounters total internal reflection (TIR). The boundary of the
acceptance range is the angles beyond which light TIR don’t occur. Figure S4.2
shows the traces of light that incident at the boundary angles of a slant waveguide.
The boundary angles and can be calculated via twice application of Snell’s law,

specifically at air-waveguide interface and waveguide core-cladding interface.
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Figure S4.2. A schematic diagram of a slant waveguide. The red and black lines show
how light incident at the boundary of the acceptance cone is transmitting inside the
waveguide.

Base on the ray tracting depicted in Figure S4.2 and Snell’s law, we can obtain the
folloing formulars:
Neore X SING¢ = Neladding % SIN90 S
No XSiNB1 = Neore X SIN[Bwg— (90°— 6;)],
No XSiNB2 = Neore X SIN[Bugt (90°— 6;)],
Where no =1.0, Neore = 1.512, and Ngjadding = 1.510.
Therefore, the angular acceptance ranges of the slanted waveguides in our case

can be calculated, which is shown in Table S4.1.

160



Table S4.1 Acceptance ranges of slanted waveguides via ray-tracing calculation
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Oug/° Oy /° 01/° 0,12 04g/° Brg/° 01/° 0,/° 04g/° Bng/° 0,/° 0,/
000 000 -446 446 116 175 270 622 232 351 -095 7.98
017 026 -420 472 133 201 245 648 248 375 071 822
033 050 -396 496 149 225 220 672 265 401 -045 848
050 076 -370 522 166 251 -195 698 281 425 -021 872
066 100 -346 546 182 275 -170 722 298 451 005 898
083 126 -320 572 199 301 -145 748 314 475 029 923
099 150 -296 596 215 325 -121 772 331 501 055 949

Here, g refers to the angle of waveguide; 6 is the refraction angle of the

waveguide in air. 6, and @, are the angles relative to the normal of the waveguide

surface, and defines the boundary of the acceptance cone of the waveguide.

S4.3 UV-Vis spectroscopy of the materials

The absorption and transmission spectra of the epoxide based photopolymerisable

sol are obtained with a Cary 50 probe UV Visible spectrometer. The sol composition

is the same as described in experimental section (See section 4.4 in the main text for

details) without future dilution. The path-length of the cell used for the measurement

is~2.5 mm.

a

1.2 5

absorbance (a.u.)
5
1

=
o
-

= B =
> o
[ 1

=
[N}
-

b

-

400

T
500

—
600

T
700

800
wavelength (nm)

T
900

—T
1000 1100

161

Transmission (%)

100

90
80 -
70 -
60 -
50 -
40
30
20 -
10 4
.

——

400

T T 1
500 600 700

T
800

T T '
900 1000 1100

wavelength (nm)
Figure S4.3. UV-Vis absorption (a) and transmission (b) spectra of the epoxide based
polymer system.
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S4.4 The CCD images of beam deflecting measurement

To study the beam deflection behaviors of the waveguides, a 633 nm laser beam
is passed through a 3 mm thin film comprising 2.65<slab waveguides from different
entrance positions and collected with a CCD chip kept flush with the exit face of the
film. The intensity profiles on the CCD chip when backlight is turned on and off are
both captured (Figure S4.4 and Figure S4.5). The CCD images with backlight can
help us clearly see the relative positions between the waveguide and the laser beam,
while the ones without backlight are used for the plots in Figure 4.3c of the main text,
since we can avoid the effect of the backlight as we try to locate the positions of the

laser beam which has the highest pixel intensity.
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Figure S4.4. CCD images of the laser beam when it is launched at varied positions.
The samples are shifted perpendicular to the laser beam with an interval of 25 um. #47
is the one when waveguide exit face overlaps with the laser beam, and is defined as 0

um. Images 1-90 correspond to the intensity profiles when laser beam is launched at
-1150 um, -1125 um, etc., till 1100 um, away from the position of #47.
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Figure S4.5. Corresponding CCD images to that shown in Figure S4.4 when backlight
is turned off.
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S4.5 Intensity distribution of the He-Ne laser over space
To study if the slanted slab waveguide will absorb or scatter the laser beam. The
total intensity of the laser beam after passing through different positions of the

waveguide comprising film is integrated and plotted in Figure S4.6.
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Figure S4.6. Total integrated (red) and normalized (blue) beam intensity of the He-Ne
laser beam as a function of entrance positions.

S4.6. Summary of the EQE results

The total EQE is calculated by integrating the EQE values over the wavelength

range followed by the average over this range. The total EQE and EQE enhancement

for the slanted waveguides over the range of 400-1100 nm and 500-1000 nm are

summarized in Table S4.2.

Table S4.2 Comparison of the total EQE and EQE enhancement among slanted slab
waveguides over the different waveguide ranges

control 0< 0.66° 1.32< 198° 2.65°

400-1100 Total EQE (%) 63.91 65.31 6512 6559 66.74 66.68
nm Enhanced EQE NA 218% 1.88% 2.63% 4.42% 4.33%
500-1000 Total EQE (%) 77.11 7892 7838 79.26 80.63 80.41
nm Enhanced EQE NA 2.35% 1.65% 2.79% 4.56% 4.29%
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Chapter 5

Shaping LED beams with Radially Distributed
Waveguide Encoded Lattices (RDWELS)

Hao Lin", Kathryn A. Benincasa’, Cecile Fradin, and Kalaichelvi Saravanamuttu*

HL and KB contributed equally to this work. KS, HL and KB conceived the project.
HL and KB carried out experiments and data analysis. HL performed calculations and

simulations. HL and KB co-wrote the manuscript.
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Abstract

We demonstrate that slim, flexible polymer films imprinted with a radial
distribution of cylindrical waveguides can precisely control the shape and trajectory of
Light Emitting Diode (LED) beams. The radially distributed waveguide encoded lattice
(RDWEL) is fabricated through a single-step, room temperature method in which a
large, converging population comprising thousands of self-trapped incandescent beams
induces the corresponding array of cylindrical waveguides in a photopolymerizable
fluid. The self-inscribed waveguides are polychromatic, multimoded and impart a
seamless field of view (FOV) of 70<= an enhancement of 320 % - to the polymer film.
We show that a divergent LED beam incident on the plane-faced RDWEL efficiently
couples into its constituent waveguides and — depending on their orientation - is either
focused or increases in divergence. In the RDWELp, configuration — where
waveguides diverge along the propagation axis — the LED beam suffers a 45 % increase
in divergence. By contrast, when the film is flipped to the RDWELcony geometry —
where waveguides converge along the propagation axis — the same beam undergoes
focusing at an effective focal length of ~2 mm. Our findings identify a fundamentally
new approach based on waveguided, beam steering to precisely tailor LED beams. By
changing parameters such as the FOV, lattice geometry, refractive index contrast, it
would be possible to systematically tailor the shape and propagation of LED beams.

This is not possible with existing technologies.

Key words
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waveguide lattices, radially distributed waveguides, field of view, light emitting diodes,

beam shaping

5.1. Introduction

Light emitting diodes (LEDs) offer considerable advantages over conventional
light sources including modest power consumption, high luminosity, long lifespans,
miniaturization, portability and low cost and as a result, are extensively applied in
lighting,* sensing,>* displays>® and optical communication systems.”® Conformal
epoxy and silicone coatings on LEDs, which are typically employed to serve both as
protective sheaths and diffusers, suppress total internal reflection and in this way,
enhance the external quantum efficiency (EQE) of emission. Because of the breadth and
diversity of LED applications, there have been extensive efforts to shape, design and

systematically modulate their characteristically Lambertian beam profiles. Approaches

9-12 13-15

range from microlenses or micro-prismatic facets,” ~ photonic crystals to nanorod

16,17

arrays and nanospheres; various radiation patterns such as a uniform intensity

19,20

distribution,'®*® batwings,'*% or beams with small divergence'*? have been achieved.

These technologies often require modification of the native LED die or involve multiple,

2122 can also

complex fabrication steps. Conventional optics such as lenses or mirrors
control the divergence and intensity distribution of LED beams but due to their
non-planar, bulky geometries hinder the integration of these miniature light sources into
optical systems and devices.

Here we show that LED beams can be modulated by a single component,

plane-faced, slim polymer film embedded with a radial distribution of cylindrical
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waveguides. The radially distributed waveguide encoded lattice (RDWEL)® is slim (<
2 mm) and flexible, rendering it suitable as a conformal coating that both protects and
optically manipulates LED emission. Importantly, such coatings could be integrated
without significantly disrupting mature LED fabrication technologies. The RDWEL is
fabricated through a single-step, room-temperature self-inscription method developed

24,25

in our group, which exploits the spontaneous self-trapping of large populations of

2628 and epoxide®? fluids. Each

incandescent beams in photopolymerizable acrylate
self-trapped beam elicited in these systems inscribes a multimoded, cylindrical
waveguide capable of guiding all visible wavelengths including narrow-band and
broadband LEDs.

Akin to the arthropodal compound eye, the RDWEL possesses an enhanced and
seamless field of view (FOV).?® As a result, a non-collimated LED beam incident on the
RDWEL spontaneously partitions into the waveguide array and in this way, is guided
without divergence as optical modes through the medium. By considering the FOV,
orientation and geometry of the RDWEL, it is possible to precisely control both the
trajectory and spatial intensity profile of visible LED light. Significantly, we show that a
LED beam can be focused or made to diverge further simply by flipping the same
RDWEL so that its waveguides respectively converge or diverge along the propagation
axis. We detail below the operating principles, design rationale, fabrication and

characterization of the RDWEL construct and its ability to modulate the output of a blue

LED (Amax = 470 nm) beam.
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5.2. Results and Discussion
5.2.1. Working Principles

Figure 5.1a is a scheme of the RDWEL, which consists of a periodic stack of
identical (xz) planes, each containing a radial distribution of cylindrical waveguides that
spans Gy = #21°, with respect to the surface normal (z); Gy represents the orientation
of an individual waveguide. The maximum A6,q in the radial array is ~0.4° (see Table
S5.1 in the supporting information). To understand its operation, we first consider how
a single waveguide in the RDWEL can alter the trajectory of an incident beam. 2-D
beam propagation (BPM) simulations in Figure 5.1b compare the path of a beam
launched at incidence angles (&;) = 1.5°, 4.0° and 6.5° into a film embedded with a
single waveguide that is 40 pm-wide, ~2000 pm-long (N = 1.47, Anpax = 0.006).2%°
The waveguides are oriented at 8.q = 2.5< 5.0°and 7.5<and possess acceptance angular
ranges of [-3.99 11.49, [-0.3< 15.19 and [3.4< 18.99 (see Section S5.2 in the
supporting information), respectively; the waveguides capture and guide light incident
at angles that fall within their respective acceptance ranges. Corresponding simulations
for a thin film without a waveguide (control) are also presented (Figure 5.1b). In the
latter, the incident beam enters and exits the sample at the same angle 6;, after suffering
refraction at both entrance and exit interfaces. By contrast, in the former case, light
incident at 6; propagates as optical modes through the waveguide and exits the film at
arcsin(1.47*siné,g) — i.e., its refraction now occurs relative to the orientation of the
waveguide, Byg. As a result, a beam incident at 1.5°, 4.0° and 6.5° now exits the film at
the significantly different angles 6. of 2.2°, 5.9° and 9.6°, respectively. Equally

importantly, light is tightly confined and propagates with negligible divergence in
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waveguides. The same beams propagating through the control samples diverge by as
much as >100% (diverged from 20 um to over 40 um) over the 2 mm pathlength of the
film.

When assembled into the RDWEL, the overlapping angular acceptance ranges of
waveguides impart a seamless, panoramic FOV (along x) of 82° (determined by the
acceptance range of the waveguides with &,y = #21°). We first consider the
RDWELp,v configuration where waveguides fan out — or diverge - along z (Figure 5.1¢);
corresponding acceptance angular ranges of waveguides in this configuration are
collected in Supplementary Information Sections S5.1 and S5.2 and Table S5.3. Figure
5.1c traces the behaviour of a 9.2 mm-wide beam with a divergence angle of 20° that
was launched onto the entrance face of RDWELp,y (these beam parameters correspond
to experimental values described below). The incident beam coincides with
waveguides spanning &,y = #14.6< Considering the beam as a continuum of rays with
6; = #10°, we trace the behaviour of select rays with 6, = 1.09 4.09 7.59 which
respectively fall within the acceptance angular ranges of vicinal waveguides with fyq =
1.295.1<and 10.092These rays are waveguided through the medium and exit at angles
6. = 1.89 7.59 and 14.99 each significantly greater than their respective ;. This
behaviour results in an overall increase in divergence of the beam from 20.09%0 29.82-
a change of ~49%. In an identical medium without the RDWEL, the beam’s divergence
would remain unchanged. Importantly, the trajectory of rays with &; values that do not
fall within the acceptance angular range of their vicinal waveguides also remains
unchanged. For example, a ray at ¢; = 10.0%patially coincides with the entrance face of

the waveguide at fy,q = 14.62which possesses an acceptance range of [14.0930.09. In
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this case, #;= 10.0does not fall within the acceptance range of its vicinal waveguide
and therefore exits the RDWEL at . =~10.09

Asimilar argument applies to the RDWELcony configuration — here, the same film
is flipped so that waveguides now converge along z (Figure 5.1d). When the 9.2
mm-wide beam with divergence of 20° is launched onto the entrance face of
RDWELcony (Figure 5.1d), the entire beam accesses waveguides spanning G =
#12.6< In this case, only rays with 6; < | 2.8 are guided by vicinal waveguides. For
example, rays with 6; = 1.0<and 2.8<touple into waveguides with G,y =—1.2° and —3.2°,
which possess acceptance ranges spanning [—9.4°, 5.9°] and [—12.4°, 2.9°], respectively.
These rays then exit RDWELcony at 8. = —1.8°, and —4.7°. Because the RDWEL
structure is symmetric about z, rays incident at 8; = —1.0° and —2.8° propagate through
waveguides with 6y = 1.2°and 3.2%%nd exit at 6, = 1.8and 4.7 respectively. These
rays effectively undergo negative refraction, which results in focusing of the beam.
Rays with 6; > | 2.8 are simply refracted through the sample; for example, rays with 6;
= 4.0%and 10.0%¢annot couple into corresponding vicinal waveguides with Gy = —4.7°
and —12.6°with respective acceptance ranges of [—14.6°, 0.8°] and [-26.89 —11.09.
As a result, they exit the RDWELcony at 8, = 4.0°and 10.0<- i.e., without changing

their trajectory.
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Figure 5.1. Operating principles of the RDWEL (a) Scheme of the RDWEL, which
consists of a periodic stack of radially distributed waveguide arrays (b) Beam
propagation (BPM) simulations of a laser beam propagating through a waveguide
oriented at 6wg with respect to the normal of a 2000 um-thick film. Control results for
the same film without a waveguide are provided in the bottom row. Longitudinal (xz
plane) intensity profiles are shown with the corresponding colour intensity scale;
refractive indices of the different layers and angles associated with the trajectory of the
beam are provided. For clarity, boundaries of the waveguides are indicated in white
while the trajectory of the beam upon exiting the film is indicated by a red arrow. Ray
tracing diagrams of light propagating through (¢) RDWELDIV and (d) RDWELCONV.

5.2.2. Fabrication and structural characterization of RDWEL

Figure 5.2a is a scheme of the optical assembly employed to fabricate the
RDWEL.% Here, a collimated broad white incandescent beam is first focused by a
cylindrical condenser lens (f. . = 12.8 mm) and then patterned by an amplitude mask
(thickness = 1.75 mm) before being launched into an optically flat, transparent cell
(pathlength = 2 mm) containing photopolymerizable acrylate fluid. The amplitude
mask imposes a 2-D pattern with square symmetry (A = 80 pum) on the beam,

effectively dividing it into a densely packed (> 15, 000 cm™) square grid of individual
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bright spots. Each bright spot initiates free radical polymerization of acrylate moieties
and induces corresponding changes in refractive index (An) along its propagation path
in the photopolymer fluid. This generates a cylindrical waveguide, which entraps the
bright spot and guides it as optical modes through the medium without diverging. In

this way, the self-trapped beams®?%

simultaneously inscribe the RDWEL - radial
arrays of waveguides (xz plane) that are periodically stacked along the y axis -
within the acrylate film (Figure 5.2b).

Optical micrographs reveal the microstructure of the RDWEL.: longitudinal
cross-sections (xz plane) show that the top-most layer consists of ~160 cylindrical
waveguides spanning ~ 212 with respect to z (Figure 5.2c, Figure S5.4 in
Supplementary Information), which is consistent with calculations (Supplementary
Information Section S5.1). Transverse cross-sections (xy plane) show the square arrays
of discrete bright spots, which correspond to the output of individual waveguides
(Figure 5.2d left). Waveguide populations at increasing 6.y appear blurred as they

deviate from the optic axis of the microscope and can no longer capture and guide the

probe beam of the microscope (Figure 5.2d right).
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Figure 5.2. The RDWEL was fabricated with (a) incandescent Ilght emitted by a
quartz-tungsten-halogen (QTH) lamp, which was collimated by a plano-convex lens
(L1), focused through a cylindrical condenser lens and passed through an amplitude
mask and launched onto the optically flat entrance face of a cylindrical cell containing
photopolymer fluid. A plano-convex lens pair (L, L3) imaged the cross-sectional
spatial intensity profiles at the sample exit face onto a CCD camera. The inset traces the
convergence of the patterned beam of light within the sample. (b) A scheme of the
RDWEL containing colour-coded rectangular regions, which were characterized
through (c-d) transmission optical microscopy. Scale bar in (c-d) = 200 um.

5.2.3. Determining the Field of View

We determined the FOV of the fabricated RDWEL to be ~70< which corresponds
to the sum of the angular acceptance ranges of its constituent waveguides; relative to the
control, this corresponds to an enhancement of ~320 %. We measured the FOV through
a previously developed method®® in which we divided the RDWEL into 13
subpopulations consisting of 9-10 waveguides, each identified by the orientation ()
of its central waveguide. To determine the angular acceptance range of a specific

subpopulation, the RDWEL sample was rotated about the y axis so that the 6,4 of the
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central waveguide coincided with the z axis (Figure 5.3a). The incidence angle of the
probe beam with respect to the surface normal (z axis) of the RDWEL was then varied
over an arc spanning *10<as the output of the waveguide sub-population was imaged
onto the CCD camera (further details are provided in Supplementary Information
Section S5.4). Figure 5.3b is the sequence of images acquired in this way for a single
sub-population of waveguides (where the central waveguide orientation, fyy = 0;
corresponding measurements for a control sample — a waveguide-free but otherwise
identical acrylate film — are provided and show that light collection occurs over a
significantly greater panoramic angular range in the RDWEL. This is quantified in
corresponding plots of normalized intensity versus the incident angle of the beam,
which yield acceptance ranges (1/e%) of 10.3%and 1.8 <for the waveguide subpopulation
and control, respectively. This corresponds to an enhancement in the acceptance
angular range of ~470%. We note that the asymmetry in the plot for the waveguide
subpopulation most likely originates from scattering of light by defects in the structure.
Corresponding measurements for the 12 other waveguide sub-populations (control)
yielded acceptance angular ranges of 10.3<(2.29, 8.7°(2.49, 8.8<(1.99, 9.0°(2.39,
9.9°(1.69, 8.7°(2.39, 10.3°(1.89, 9.9°(2.19, 9.8°(2.39, 10.9°(2.29, 9.1°(1.99, 9.6®
(2.4 and 9.7=(2.0) for waveguide subpopulations with Oyg =—19.9°, —16.7°, —13.5°,
—10.1°, —6.8°, —3.4°, +3.4°, +6.8°, +10.1°, +13.5°, +16.7° and +19.9°. The average
acceptance range of 9.6°is significantly greater than the corresponding value of 5.6°
and 6.7<2 which we previously reported for epoxide waveguides. Waveguides with
relatively large An of up to 0.006°°*° (and correspondingly increased acceptance ranges)

can be induced in acrylate systems whereas a maximum An of only 0.001 to 0.002%%% is
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possible in the epoxide materials. The considerable overlap in acceptance ranges
between adjacent waveguide subpopulations imparts a seamless FOV of ~70°to the

RDWEL.
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Figure 5.3. Field of view (FOV) of the RDWEL was characterized with (a) probe
incandescent beam (PB), which red-filtered (F), collimated (L;) and launched onto the
entrance face of RDWELconv (S), which was mounted on a rotatory stage (R). Spatial
intensity profiles of a specific waveguide sub-population were imaged by a
plano-convex lens pair (L, L3) equipped with an aperture (A) onto a CCD camera. For
each waveguide sub-population, the spatial intensity profile was acquired by varying
the incidence angle of the probe beam over #10< (b) Angle-dependent spatial intensity
profiles of the 0.4 = 0°waveguide subpopulation (top-row) and control (bottom-row).
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Scale bar = 300 um. A colour intensity scale is provided. Inset shows well-defined,
discrete spots corresponding to the output of individual waveguides. (c) Plots of
normalized intensity vs. incidence angle of the probe beam for the 6,4 = 0°waveguide
subpopulation (red) and control (black). (d) The seamless FOV of the RDWEL
corresponds to the overlapping angular acceptance ranges of all 13 waveguide
sub-populations (red). Corresponding measurements for the control are provided in
black. 6,y Of the central waveguide in each waveguide subpopulation is indicated for
each plot.

5.2.4. Shaping LED beams with the RDWEL

We experimentally demonstrate that RDWELSs modulate the trajectory and spatial
intensity profile of a beam emitted by a commercially available LED (Amax = 470 nm).
Specifically, and consistent with calculations detailed above, the divergence of the LED
beam is significantly enhanced by RDWELp,, while the same beam is focused by
RDWELcony-

In this experiment, the same beam was launched onto the entrance face of the
control, RDWELp), and RDWELcony Samples, respectively. At the entrance face (and
consistent with calculations described above), the beam is 9.2 mm wide with a
divergence angle of 20< Its longitudinal intensity profile (along propagation axis z) was
projected onto a white screen and imaged with a camera (Figure 5.4a). Photographs in
Figure 5.4b show that the three samples have strikingly different effects on the
trajectory and spatial intensity profile of the beam. 1-D transverse profiles of the LED
beam acquired at z =2 cm and z = 6 cm from the exit face (z = 0 cm) of the control yield
FWHM widths of 1.9 cm and 3.1 cm, respectively. This in turn corresponds to a
divergence of 16.7< which is commensurate with the divergence angle (20 of the
beam at incidence. Importantly, although the beam diverges upon exit from the control

sample, its overall shape — or spatial distribution of intensity - remains effectively the
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same.

When propagated through the RDWELp,, sample, the same beam exhibits
significant changes in its spatial profile (Figure 5.4b, bottom). The boundaries (6; =
#10°) of the 9.2 mm-wide, 20 beam access vicinal waveguides with 6,4 = +14.6°
(Figure 5.4b, bottom). In this case, light incident at 6; = 37.5° is efficiently guided
through waveguides. FWHM values of the beam at 2 cm and 6 cm were 1.9 cm and 3.7
cm, respectively and yield a divergence angle of 24.2< This corresponds to an increase
in divergence of 45 % relative to the control experiment, which is consistent with the
calculated value of 48 % (vide infra).

Entirely different results were obtained by flipping the film and launching the
same LED beam into the RDWELcony Sample. Here, the central portion (~+1.3 mm) of
the beam with ;= £2.8° couples into vicinal waveguides with 6,4 = £3.2° (see Table
S5.2 in the Supporting information) and is ultimately focused by the RDWEL
waveguides (Figure 5.1d, Figure 5.4b, bottom). This is observed in the longitudinal
profile of the beam upon, which exiting RDWELcony contains a significant
concentration of intensity along its axial region over a propagation distance of ~4 cm,
which is accompanied by two distinct streaks of intensity at the beam boundaries. These
peripheral streaks correspond to light that is not coupled into waveguides and exits the
sample at angles commensurate with their ;. Accordingly, the corresponding transverse
profiles (Figure 5.4c-d) at short distance (2 cm) contains a saturated peak at the axis
accompanied by two peripheral peaks of smaller intensity; the central peak diminishes
in intensity at 5 cm, which falls beyond the focal point of the RDWEL cony (vide supra).

FWHM widths of the beam of 1.9 cm and 3.0 cm at distances of 2 cm and 6 cm,
179



Ph.D. Thesis — Hao Lin; McMaster University — Department of Chemistry

respectively yield a divergence of 15.4< which is comparable to the value of 16.7°
observed in the control experiment. This is because the overall divergence of the LED
beam is determined by the peripheral peaks, which are not waveguided, and therefore

exhibit the same trajectory as in the case of the control.
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Figure 5.4. Shaping LED beams with RDWEL was demonstrated by (a) launching a
blue LED beam, which was first passed through a pinhole onto the entrance face of
the RDWELp), or RDWELcony Sample. The spatial intensity profile of the beam in
the in xz plane was projected onto a white board and imaged with a camera.
Corresponding top-down photographs of the beam after propagating through (b) a
control (top), RDWELcony (central) and RDWELpy (bottom) samples. Scale bar = 2
cm. (c-d) 1-D transverse intensity profiles of the beam after propagating through the
three different samples acquired at 2 cm and 6 cm from the exit face (indicated in (b)
by dotted red and white lines, respectively.
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5.2.5. Focal length of RDWEL cony

We further characterized the RDWELcony configuration by determining its focal
length. Employing the optical assembly shown in Figure 5.5a, we launched a LED
beam (Amax = 630 nm) onto the optically flat entrance face of RDWELcony, Which was
positioned ~26 mm away. A plano-convex lens pair then imaged the cross-sectional
profile of the beam at increasing distances from the exit face of the RDWELcony (z =
0 mm) onto a CCD camera. Figure 5.5b contains the sequence of images acquired
from z = 0 mm to z = 8 mm. They show that after propagating through RDWELconv,
the originally uniform LED beam acquires a non-uniform intensity distribution; the
pixel-like features in the profiles correspond to the output of individual waveguides in
the RDWEL. The profiles consist of an elliptical region of greater intensity in the
axial region with weaker wing-like features on either side. The latter correspond to the
peripheral streaks observed in longitudinal intensity profiles of the beam after
propagation through RDWELcony. The central ellipse corresponds to light that is
focused by converging waveguides; because of the panoramic arrangement of
waveguides in the RDWEL, focusing occurs only along the x direction, giving rise to
the elliptical profile. To determine the focal length of RDWELcony, We integrated the
intensities of the most intense population of waveguides (320 um (x) X 640 pm (y))
enclosed in the red rectangle. The resulting power was then plotted as a function of
distance (z); the maximum of this plot — corresponding to the greatest power localized
within the white rectangle - yields the focal length of RDWELcony. We determined
this maximum in power occurs at ~ 2 mm (Figure 5.5¢), which in turn represents the

focal length of the RDWELcony.
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Figure 5.5. The focal length of RDWELcony Was determined by (a) imaging the
cross-sectional spatial intensity profile of a red LED beam at different distances from
the exit face of the RDWELconv. (b) Corresponding spatial intensity profiles acquired
from z = 0 mm (exit face) to z = 8. Scale bar = 1 mm. Colour intensity scale is
provided. The integrated intensity of a sub-population of waveguides contained in red
rectangle was (c) plotted against z to determine the focal length of RDWELcony.
Measurements were normalized to integrated intensity at z =0.
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5.3. Conclusions and Outlook

We demonstrated that the RDWEL - a slim, flexible polymer film imprinted with a
radial array of self-induced cylindrical waveguides - can control the spatial intensity
distribution and trajectory of a commercially available, visible wavelength LED beam.
When employed in the diverging (RDWELpy) configuration, the RDWEL construct
greatly enhances the divergence of the beam. When flipped to its converging
(RDWELcony) geometry, the structure now focuses the same beam. The RDWEL
possesses a seamless FOV spanning 70 (corresponding to > 320 % enhancement
relative to a control; by considering the width and divergence of an incident beam
relative to this FOV, it is possible to precisely modulate its shape — or distribution of
intensity - and trajectory.

Our proof-of-concept experiments highlight the significant potential of RDWELSs as
single component, flexible conformal coatings that can precisely modulate the output of
LED beams. Through this approach, parameters such as the geometry, refractive index
contrast and density of waveguide arrays can be tuned to systematically modulate — and
effectively design - the spatial profile and trajectory of incident beams. Because its
constituent waveguides are multimoded and guide broadband incandescent light, the
RDWEL is operable at all visible wavelengths and therefore applicable to all visible
light LEDs. Moreover, its facile, single-step room temperature fabrication technique,
which involves only incandescent light and inexpensive photopolymerizable fluid,
makes it amenable to large-scale, roll to roll manufacturing processes without

disrupting the existing technologies for LED fabrication.
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5.4. Materials and Methods

Preparation of the photopolymerizable medium has been described elsewhere.?* 2
Briefly, 0.3 g (0.015 mmol) of 0.05 N aqueous HCI was added to 4.9 g (19.7 mmol) of
3-(trimethoxysilyl) propyl methacrylate (MAPTMS, Gelest, Inc., USA) to initiate
acid-catalyzed hydrolysis and condensation. The mixture was vigorously stirred until it
homogenized into a transparent, free-flowing sol, which was then sensitized to visible
light through the addition of 0.027 g (0.050 mmol) of photoinitiator
bis(eta.5-2,4-cylcopentadien-1-yl)-bis(2,6-difluoro-3-(1H-pyrrol-1-yl)-phenyl) titaniu-
M (Amax = 393 nm and 460 nm, Ciba Specialty Chemicals, Inc., Canada). The resulting
mixture, which was shielded from ambient light, was stirred for six days and filtered
through a polytetrafluoroethylene (PTFE) membrane (0.2mm pore size, Pall
Corporation, USA) immediately prior to use.

Fabrication of RDWEL: Figure 5.2a is a scheme of the optical assembly employed
to fabricate the RDWEL. A broad beam of white incandescent light emitted by a
quartz-tungsten-halogen (QTH) lamp (Cole-Parmer, USA) was collimated by a
plano-convex lens (f. . = 250 mm), focused through a cylindrical condenser lens (f. I. =
25.4 mm, CKX025, Newport) and passed through a an amplitude mask with square
symmetry (A = 80 um). The modulated beam was then launched into the optically flat,
entrance face of a cylindrical sample cell (d = 16 mm, pathlength (z) = 2 mm)
containing the photopolymerizable sol. The beam irradiated the entire entrance face of

sample cell at an intensity of 7.9 mW €m™. The spatial intensity profile of the beam at

the exit face of the sample cell was imaged through a pair of plano-convex lenses onto a
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high-resolution, progressive scan, charged-coupled device (CCD) (2040 pixels (H) x
1532 pixels (V)) with a resolution of 3.2 um pixel™ and sensitivity range = 350 nm to
1150 nm (WinCamD™ digital camera, Data Ray Inc., USA).

Microstructural characterization: transmission optical micrographs of longitudinal
and transverse cross-sections of the RDWEL were acquired with an Olympus BX51
microscope (X5 magnification) equipped with a digital CCD camera (Q Imaging,
RETIGA EXi, Mono 12-bit, non-cooled). The longitudinal micrograph showing a layer
containing the entire radial distribution of waveguides of the RDWEL (Figure S5.4)
was acquired with a Nikon Eclipse LV100N POL epifluorescence microscope (Nikon
Instruments, Mississauga, ON, Canada), equipped with X2 physiological objective
lenses and a Retiga2000R cooled CCD camera (QImaging, Mono 12-bit, non-cooled,
Surrey, BC, Canada).

FOV of the RDWEL: The FOV of the whole RDWEL was determined through a
previously described method.?® Briefly, a probe white incandescent beam was passed
through a red filter (Aqutorf = 610 nm) and collimated by a plano-convex lens (f. I. = 25
cm) before being launched onto the entrance face of the RDWEL sample, which was
mounted on a rotation stage. A high-resolution CCD camera (2040 pixels (H) x 1532
pixels (V), 3.2 um/pixel) equipped with a pair of imaging lenses (f. I. = 25 cm) was
employed to capture the intensity profiles of the beam at the exit face of the RDWEL.
To measure the FOV, we divided the constituent waveguides of the RDWEL into 13
sub-populations and measured their respective angular acceptance ranges. Each
waveguide sub-population was centered about a waveguide with 6y = #19.9< 6.7

+H3.5°H0.1< 4.8< +3.4< and O°relative to z axis. For each set of measurements, we
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first rotated the RDWEL so that the waveguide subpopulation being sampled coincided

with the propagation axis of the probe beam. Accounting for refraction at the air-sample

interface, these angles corresponded to fryg £330 #25< 20 #15< 0 45 and 0°
relative to the RDWEL surface normal. Keeping the probe beam fixed, we then rotated

the optical rail bearing the RDWEL, and the imaging optics over an arc spanning #10°
about z. we acquired spatial intensity profiles of the RDWEL exit face at 0.5 ©intervals.

In this way, we determined the angular range over which each sub-population collected

and waveguided light through the RDWEL. The FOV of the RDWEL corresponded to

the sum of the acceptance angular ranges of all 13 waveguide sub-populations.

LED beam shaping: Figure 5.4a is a scheme of the optical assembly employed in
beam shaping experiments. A size-controllable pinhole was placed ~20 mm in front of a
LED (M470L3, Thorlabs), which emitted blue light (Amax = 470 nm). The RDWEL
sample was positioned at a distance of ~6 mm from the pinhole. The intensity
distribution of the LED beam along its propagation axis was projected onto a white
board and imaged with a “Moticam” camera (1600 pixels (H) x 1200 pixels (V),
Motic®., Hong Kong) was mounted perpendicular to the white board. Spatial intensity
profiles of the beam were processed with ImageJ software.

Focal length of RDWELcony Was determined through the optical assembly pictured
in Figure 5.5a. A divergent beam emitted by a red LED (Anax = 630 nm) equipped with
a 7 mm pinhole is passed through a RDWEL-CO positioned ~26 mm from the LED.
The 2D intensity profile of the beam at the exit face of the RDWEL is focused by a
pairs of imaging lenses (d = 2.54 cm, f. I. = 10 mm) on to a CCD camera (2040 pixels

(H) x 1532 pixels (V), 3.2 um/pixel). During the experiments, the imaging lenses and
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the CCD camera are moved with the same pace away from the exit face of the
RDWEL, over a distance of 8 mm, with 1 mm interval.
Simulations of light propagation: Simulation of light transmission in and out of

3-8 \which

single waveguides were carried out using Beam Propagation Method (BPM),
was implemented through the BeamPROP™ software package (RSoft Products,
Synopsys®, USA). The waveguides studied had slanted angle from 2.5< 5.0°and 7.5°
(relative to the z-axis). All waveguides were 40 um wide with graded refractive index
(Anmax = 0.006). In each case of study, a single Gaussian beam was launched from air
with an angle (which is within the acceptance cone of the waveguide) into the
waveguides, and the longitudinal (xz plane) profile of the beam propagating in as well

as exiting from the waveguides were recorded. Identical simulation was conducted in a

continuous homogeneous material with the same refractive index for comparison.
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S5.1. Determining the angles of waveguides in the RDWEL

To find out the angle of each waveguide in the RDWEL, we employed ray tracing
as shown in Figure S5.1, where a photomask and the polymerisable sol are placed flush
with the Cylindrical condenser lens. The normal incident light therefore would refract

multiple times at the interfaces (See the blue arrows), each time follows Snell’s law.

Cylindrical condenser lens

___________________________________

'
,
4 e
'
,
,
7’
R-T,
n T,
ny r
ny *

Photomask

Bre -

B«

Photopolymerisable sol

=

Figure S5.1. Schematic diagram showing the ray tracing method used to determine
the angular directions of the waveguides in the RDWEL. Blue lines depict the
transmission traces of the normal incident light through the cylindrical condenser lens,
the photomask into the photopolymerisable sample.

Based on the schematic diagram and the light rays, we can obtain the following

formulas:
Np XSinéy = Ny XSind, [S5.1]
Ny Xsind, = Ny Xsin@; = N3 Xsind, [S5.2]
R xsingy=d’ +d” [S5.3]
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d’=[R xcosty — (R — T¢)] x<tan(fp — 1) [S5.4]

d=d”—-T, xtand; [S5.5]
Where 6y, 61, 0,, 03, and 6, refer to the incident angles or refraction angles at the
interface of differnt meidum. ng, ny, ny, and ns refer to the refractive index of air, the
condensor lens, the photomask, and the photopolymerisable meidum, respectively. R,
Te, Te, Tp, and T correspond to the radius of the cuverd plane, the entire thickness of
the condenser lens, the edge thickness of the lens, the thickness of the photomask, and
the thickness of the sample cell, respectively.

In our case of study, np = 1.00, n; = 1.53, n, =1.55,n3=1.47, R=13.12 mm, T, =
12.8 mm, and T, = 1.5 mm. By substituting these values into the parameters in the
above formulas, we can find out the entrance position (indicated by d) of the beam and
the angles of the beam refracting into the photopolymerisable sample (6,), for any 6
with a given value. We can then plot the calculated refraction angles (6;) versus the

calculated off-centered position (d), which is shown in Figure S5.2.

24

21
18 4
15 4
12 H
94
6
34

Beam refraction angle angle (°)

0 T T T T T T T T T T T T T
0 1 2 3 4 5 6 7
Off-centered distance (mm)

Figure S5.2. Plots showing the refraction angles of the beam into the photopolymer
versus the off-centerd distance of their starting point at the entrance face of the
RDWEL.
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Since we place a photomask with light and dark squares in front of the sample cell,
the normally incident broad beam would split into discret microscopic light rays and
subsequently inscribe the waveguides. As the photomask has a periodicity of 80 um, the
off-centered positions of waveguides at the entrance face of the RDWEL are located
approximately every 80 um. Therefore, By assigning d (off-centered distance, see
Figure S5.1) with values from 0 mm to 6.5 mm (half the width of the region illuminated)
with 0.08 mm intervals, we can find out the angles of all the waveguides in the RDWEL,

which are listed in Table S5.1.

Table S5.1 Summary of the angles of all waveguides in the RDWEL

d/mm  60,/° | d"/mm O,/ | d'/mm O,/ | d/mm O/ | d'/mm O,/

0.00 0.00 1.36 3.50 2.72 7.20 4.08 11.33 5.36 15.91

0.08 0.20 1.44 3.71 2.80 7.43 4.16 11.59 544 16.23

0.16 0.41 1.52 3.93 2.88 7.66 4.24 11.86 5.52 16.55

0.24 0.61 1.60 4.14 2.96 7.89 4.32 12.12 5.60 16.88

0.32 0.82 1.68 4.35 3.04 8.12 4.40 12.40 5.68 17.21

0.40 1.02 1.76 4.56 3.12 8.36 4.48 12.67 5.76 17.55

0.48 1.23 1.84 4.74 3.20 8.59 4.56 12.95 5.84 17.89

0.56 1.43 1.92 4.99 3.28 8.83 4.64 13.23 5.92 18.23

0.64 1.64 2.00 521 3.36 9.07 4.72 13.51 6.00 18.59

0.72 1.84 2.08 5.42 3.44 9.31 4.80 13.80 6.08 18.94

0.80 2.05 2.16 5.64 3.52 9.56 4.88 14.09 6.16 19.31

0.88 2.26 2.24 5.86 3.60 9.80 4.96 14.38 6.24 19.67

0.96 2.46 2.32 6.08 3.68 10.05 5.04 14.68 6.32 20.05

1.04 2.67 2.40 6.30 3.76 10.30 5.12 14.98 6.40 20.43

1.12 2.88 2.48 6.53 3.84 10.55 5.20 15.29 6.48 20.81

1.20 3.09 2.56 6.75 3.92 10.81 5.28 15.60 6.56 21.20

1.28 3.29 2.64 6.97 4.00 11.07
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S5.2. Coupling a diverging LED beam to RDWEL with different orientations
When applying RDWEL with converging orientation (written as RDWELcony) to
a LED, the diverging LED beam enters the RDWEL from the side with larger
waveguide spacing. The off-centered distances and angles of the constituent
waveguides are written as d’ and 6,4, as shown in Figure S5.3a. Whereas when
applying RDWEL with diverging orientation (Written as RDWELp,y) to the LED, the
diverging LED beam enters the RDWEL from the side with smaller waveguide spacing.
The waveguides with angle of 8,4 in this case have off-centered positions (pqg) given by
Pe =d’ — T Xtanbyy [S5.6]
Where d* and 6,y are the paramerters given in Table 5.1, and T is the thickness of the

film. (Figure S5.3b).

T

Figure S5.3. Schematic diagram of employing RDWEL with converging orientation
(a) and diverging orientation (b) to a LED beam. z is the optical axis, L is the distance
between the RDWEL and the LED, and 6;c and 64 refer to refer to the incident angle of
the LED when the RDWELCONYV and RDWELDIV are employed respectively.

Owing to the refractive index contrast between its core and cladding, a waveguide
possesses an acceptance cone, light incident within which suffers total internal

reflection (TIR). The boundary angles of the acceptance cone 6; and 6, of the
195



Ph.D. Thesis — Hao Lin; McMaster University — Department of Chemistry

waveguide can then be calculated using the following formulas:

Ncore X SINB¢ = Nejadding > SIN90 [S5.7]
01 = [Owg— (90°— 6;)] [S5.8]
Or2 = [Oug* (90°- 6¢)] [S5.9]
N XSIiNB1 = NeoreXSiNG1 [S5.10]
Np>SiNB2 = Neore X SN [S5.11]

Where Ncore and Nejadding refer to the refractive index of core and cladding of the
waveguide, fyq is the angle of the waveguide relative to z axis, 6y1 and 6y, correspond
to the refraction angle of 6; and 6, into the waveguide core, and ny is to the refractive
index of air.

The refraction angle of the waveguide (Gwg) is given by:

No> SiNBrwg = Neore X SINByyg [S5.12]

From Figure S5.3, the incident angles (¢;) of the LED into any waveguides are

given by:
tan6ic = d’/ L (for RDWELcony) [S5.13]
tanfig = pg / L (for RDWELpyy) [S5.14]

Now if we substituent the above formulas with the following parameters: T = 2
mm, d’ and 6,y are the paramerters given in Table 5.1, Neore= 1.476, Nejadding= 1.470
(namely An = 0.006), np = 1.0, and L = 26 mm, we can calculate the rest physical
guantities, and understand the relationships between any microscopic threads from the
LED and the waveguides the threads access, which provide the theoretical basis for
studying the coupling of diverging beam to RDWEL with different orientations.

In the case of employing RDWEL with converging orientation to the LED, we
196



Ph.D. Thesis — Hao Lin; McMaster University — Department of Chemistry

obtained the following physical quantities summarized in Table S5.2.

Table S5.2 Summary of waveguide off-centered distances (d*), waveguide angles
(Owg), Waveguide acceptance cones (61, 6,), waveguide refraction angles (frwg) and
incident angle of the LED when employing REWELconv (6ic)

d' awg 01 02 arwg aic d' 0wg 01 02 0rwg Hic
Imm  /° ° eI e Imm  /° /° /° /° °
000 000 -764 764 0.00 0.00 232 -593 -1650 -1.12 -8.76 5.10
008 -020 -794 734 -029 0.8 240 -6.14 -16.82 -1.44 -9.09 5.27
0.16 -040 -823 7.05 -059 0.35 248 -6.36 -17.15 -1.76 -9.41 545
024 -060 -853 6.75 -0.88 0.53 256 -6.58 -17.48 -2.08 -9.73 5.62
032 -080 -882 646 -1.18 0.71 264 -6.80 -17.82 -240 -10.06 5.80
040 -100 -9.12 6.16 -1.47 0.88 272 -7.02 -18.15 -273 -10.39 5.97
048 -120 942 587 -1.77 1.06 280 -7.24 -1849 -3.06 -10.72 6.15
056 -140 -9.71 557 -2.06 1.23 288 -746 -1883 -3.39 -11.05 6.32
0.64 -160 -10.01 528 -236 141 296 -7.69 -19.17 -3.72 -11.39 6.49
0.72 -180 -10.31 498 -2.65 1.59 3.04 -791 -1952 -406 -11.73 6.67
0.80 -2.00 -10.61 4.68 -295 1.76 312 -814 -19.87 -439 -12.07 6.84
088 -220 -1091 439 -325 194 3.20 -837 -2022 -473 -1241 7.02
096 -240 -11.21 4.09 -354 211 328 -861 -2057 -5.08 -12.76 7.19
1.04 -260 -11.51 3.79 -3.84 2.29 336 -8.84 -2093 -542 -1311 7.36
1.12 -2.80 -11.81 349 -4.14 247 344 907 -21.29 -577 -13.46 754
1.20 -3.01 -1212 319 -444 264 352 -931 -2166 -6.12 -1382 7.71
128 -3.21 -1242 289 -474 282 3.60 -955 -2203 -6.48 -14.18 7.88
136 -3.42 -1273 259 -5.04 299 3.68 -9.79 -2240 -6.84 -1454 8.06
144 -362 -13.03 229 -535 3.17 3.76 -10.04 -22.78 -7.20 -1491 8.23
152 -3.83 -1334 198 -565 3.35 3.84 -10.28 -23.16 -7.56 -15.28 8.40
160 -4.03 -1365 168 -596 3.52 3.92 -10.53 -2354 -793 -15.65 8.57
1.68 -4.24 -13.96 137 -6.26 3.70 400 -10.78 -23.93 -8.30 -16.03 8.75
1.76 -4.45 -1427 107 -657 3.87 408 -11.04 -2432 -8.68 -16.41 892
1.84 -465 -1458 076 -6.88 4.05 4.16 -11.29 -2472 -9.06 -16.80 9.09
1.92 -486 -1490 045 -7.19 422 424 -1155 -2513 -9.44 -17.19 9.26
200 -5.07 -1522 0.14 -750 4.40 432 -11.81 -2553 -9.83 -17.59 9.43
208 -529 -1553 -0.17 -7.81 457 440 -12.08 -25.95 -10.23 -17.99 9.61
216 -550 -15.85 -049 -8.13 4.75 448 -12.34 -26.37 -10.62 -18.39 9.78
224 571 -16.18 -0.80 -8.45 492 456 -12.61 -26.79 -11.03 -18.80 9.95
Note: Only the vicinal waveguides accessed by LED with 6. up to ~10<are listed
here.

In the case of employing RDWEL with diverging orientation to the LED, we
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obtained the following physical quantities summarized in Table S5.3.

Table S3 Summary of waveguide off-centered distances (pg), waveguide angles (Gwg),
waveguide acceptance cones (6, 8), waveguide refraction angles (frwg) and incident
angle of the LED when employing RDWELp,y (8iq)

Pad 0wg 01 02 orwg 0id Pad 0wg 01 02 0 rwg oid
/mm /< /< /< /e /e /mm /° /< /< /e /<

000 000 -764 7.64 0.00 0.00 240 6.80 240 17.82 10.06 5.28

007 020 -7.34 794 029 0.16 247 7.02 273 1815 1039 544

015 040 -705 823 059 0.32 255 724 306 1849 10.72 559

022 060 -6.75 853 0.88 0.48 262 746 339 1883 11.05 575

029 080 -646 882 118 0.64 269 769 372 1917 1139 5091

037 100 -6.16 9.12 147 0.80 276 791 406 1952 11.73 6.06

044 120 -587 942 177 0097 283 814 439 1987 12.07 6.22

051 140 -557 971 206 113 291 837 473 2022 1241 6.38

058 160 -528 10.01 236 129 298 861 508 2057 1276 6.53

066 180 -498 1031 265 145 3.05 884 542 2093 1311 6.69

073 200 -468 1061 295 161 312 907 577 2129 1346 6.84

080 220 -439 1091 325 177 319 931 6.12 2166 13.82 7.00

088 240 -409 1121 354 193 326 955 648 2203 14.18 7.15

095 260 -3.79 1151 384 2.09 333 979 6.84 2240 1454 731

1.02 280 -349 1181 414 225 341 1004 720 2278 1491 7.46

1.09 3.01 -319 1212 444 241 348 1028 756 23.16 1528 7.62

117 321 -289 1242 474 257 3.55 1053 793 2354 1565 7.77

124 342 -259 1273 504 273 3.62 10.78 830 2393 16.03 7.92

131 362 -229 13.03 535 289 369 1104 868 2432 16.41 8.08

139 383 -198 1334 565 3.05 3.76 1129 9.06 24.72 16.80 8.23

146 403 -168 1365 596 321 383 1155 944 2513 17.19 8.38

153 424 -137 139 6.26 3.37 390 1181 983 2553 1759 8.53

160 445 -107 1427 657 353 397 1208 10.23 2595 1799 8.69

168 465 -076 1458 6.88 3.69 404 1234 10.62 26.37 1839 8.84

175 486 -045 1490 7.19 385 411 1261 11.03 26.79 18.80 8.99

182 507 -014 1522 750 4.01 418 1289 1143 2722 1922 9.14

189 529 017 1553 781 417 425 1316 1185 27.66 19.64 9.29

197 550 049 1585 813 433 432 1344 1226 28.10 20.07 9.44

204 571 080 16.18 845 449 439 1373 12,69 2855 2050 9.59

211 593 112 1650 8.76 4.64 446 1401 1312 29.01 2094 9.74

218 6.14 144 1682 9.09 4.80 453 1430 1355 2947 21.39 9.88

226 636 176 1715 941 4.96 460 1460 1399 29.94 21.84 10.03

233 658 208 1748 973 512

Note: Only the vicinal waveguides accessed by LED with iy up to ~10<are listed
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here.

In the working principle of the main text, we presented that the acceptance ranges
of waveguides with G,y = 2.5 5.0°and 7.5°were [-3.9% 11.49, [-0.3% 15.19 and
[3.4< 18.99, respectively. These values were calculated based on formula [S5.7]-
[S5.11], by substituting Neore= 1.476, Ncladding= 1.470, no = 1.0, and the values of Gy,
The corresponding angles ¢, and #, calculated from the formulas defines the angular

acceptance ranges of the waveguides.

S5.3. Top-down micrograph of the entire RDWEL

Optical micrograph of the longitudinal cross-section of the entire RDWEL shows a
layer consisting of ~160 waveguides which span ~321< The region the constituent
waveguides of the RDWEWL covers is approximately 13 mm, indicating that the
boundary waveguides (~3219 are located a ~6.5 mm away from the center of the
RDWEL. The high consistency between the beam angles obtained from experiment and
the ones listed in Table S5.1 indicating that the ray tracing calculation in Section S5.1 is

quite reliable.

” HW

Figure S5.4. Optical transmlssmn mlcrograph of the Iongltudlnal cross-section of the
entire RDWEL. Scale bar = 1 mm.

e /

I
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S5.4. Measuring the FOV of a waveguide subpopulation of the RDWEL

The FOV measurements require the sampling angular range covers the acceptance
range of the probing waveguide subpopulation.

From Table S5.3, we can see the refraction angle of a 10.0(6xy) Waveguide is 14.9°
(6rwg), the corresponding boundary angles are 1 = 7.2<and 6, = 22.8< (All angles are
relative to the surface normal of the RDWEL, or the z axis). The acceptance cone of the
10.0°waveguide subpopulation therefore corresponds approximately to [7.2< 22.89.

During the FOV measurement, we first rotated the RDWEL by 15° (= 0y = 14.99.
In this way, the 15°beam (relative to the surface normal of the RDWEL) refracts into
the RDWEL with an angle of 10.14°(= 6, = 10.0), and probes the 10.0 °waveguide
sub-population of the RDWEL.

We then rotated the RDWEL and imaging components simultaneously (they are all
mounted on a rotatable optical rail) over an arc of 210< while keeping the light source
fixed. In which way, the incident angle of the probe beam spans from 5<to 25<(15<2109
relative to the surface normal of the whole RDWEL sample. Certainly this sampling
angular range ([5< 259) covers the acceptance range ([7.2< 22.89) of the 10.0°

waveguide sub-populations.
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Chapter 6 Conclusions and Future Directions

6.1 General Conclusions

In this thesis, several slim polymer films encoded with optical waveguides or
waveguide lattices were fabricated, and their performances on controlling the flow of
light were examined. The main contributions of this thesis are summarized as follows.

The first objective of this thesis is to fabricate a functional waveguide structure
with planar geometry as an efficient light collecting and guiding system. We realized
this goal by taking inspiration from the collective behavior of ommatidia of arthropods,
and developed a polymer thin film comprised multidirectional intersecting waveguide
lattices (Chapter 2). We employed a low-cost, single step and room temperature
self-written technique to fabricate the waveguide encoded lattices (WELS), which are
impossible to construct through conventional, divergence-limited photolithographic
techniques. This technique harnesses nonlinear propagation of light, specifically
modulation instability and self-trapping of white incandescent light in a cycloaliphatic
epoxide based photopolymer system. By launching collimated white incandescent
light simultaneously from 5 directions into the photopolymerisable epoxide sol, we
encoded a slim polymer film with intersecting waveguide lattices orientating at 230
#15< and 0< Characterization through optical microscopy and laser transmission
provided evidences for the successful inscription and the intersection status of the 5
waveguide lattices. Crosstalk-free transmission of multiple laser beams into this film

indicated that the waveguide lattices were mutually independent, although they
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intersect each other multiple times in the polymer films. To examine the light
collecting and guiding performance of this film, we measured the angular rang (or
FOV) over which individual waveguide lattices could perceive. Combining the fields
of view of the five waveguide lattices endowed the film a discontinuous panoramic
FOV of ~94< which corresponded to a 66% enhancement over its waveguide-free
counterpart. This FOV enhancement originated from the refractive index difference
(An) between the core and surrounding region of the waveguides, which through
comparing with theoretical calculation and simulation, was estimated to be
approximately 0.001. Owing to the intersecting arrangement of waveguides, the film
exhibited powerful capacity to focus and invert images when employed for preliminary
imaging applications. This study paved the way for fabricating compound-eye
inspired planar polymer films for light harvesting and wide FOV optical sensing
applications.

Since the FOV of the above WELSs was discontinuous, another slim polymer film
possessing continuous FOV was developed. This film was consisted of a periodical
stack of waveguide arrays, each comprising cylindrical polymer waveguides densely
packed with radial distribution (Chapter 3). This radially distributed waveguide
encoded lattice (RDWEL) was inscribed in the epoxide base photopolymer via
mask-assisted self-trapping of a large (> 15, 000 cm™) converging (only in one
direction) population of white light filaments. Optical characterization of the
polymerized thin film confirmed the inscription of the RDWEL, with the constituent
waveguides spanned *33< Transmitting collimated white incandescent light from

different directions (within the estimated FOV of the RDWEL) indicated that part of
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the probe beam was always captured and waveguided to the exit face of the structure.
This was owing to on one hand, the refractive index difference of the waveguides,
which only collect light incident within their acceptance cones; on the other hand, the
multimodal, polychromatism of the waveguides, which allow them to guide
incandescent light even under passive conditions. We divided the RDWEL into 23
waveguide subpopulations and measured individual angular acceptance ranges. The
resulting angular ranges of the waveguide subpopulations exhibited an average
enhancement of 83% relative to the angular ranges of the unstructured counterparts.
These angular ranges overlapped considerably with each other, indicating the
RDWEL could continuously and seamlessly capture light incident over these angular
ranges. Stitching up these angular acceptance ranges rendered the RDWEL a seamless
FOV of 115< which to our best knowledge, corresponded to the largest known
panoramic FOV for a planar structure. We then employed this thin film for panoramic
imaging, and demonstrated that all objects passing through the RDWEL within its
FOV formed corresponding images with high clarity and spatial resolution. This study
laid the experimental foundation for the fabrication of planar polymer films with up to
180 seamleass panoramic FOV and solid-angle FOV, as well as excellent imaging
functionalities in terms of the spatial resolution, angular span and wavelength
sensitivity, etc.

Another specific objective of this thesis is to develop a waveguide based thin film
via straightforward and cost-effective approach to enhance the conversion efficiency
of solar cells. This goal was realized with a thin polymer film encoded with slanted

slab optical waveguides, which could steer away light beams that would otherwise
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impinge on the fingers (metal contacts) of solar cells to reduce the reflection loss
(Chapter 4). We conducted beam propagation simulation first to demonstrate the
feasibility of using waveguides with different slant angles as light steering elements.
We then fabricated periodic arrays of slab waveguides with slanted angles of 0< 0.66<
1.33< 1.99< and 2.65°using the white-light self-written technique and the epoxide
based photopolymer used in the previous projects. The spacing of the waveguide slabs
were carefully designed so that they could be accurately aligned with the fingers of
solar cells. We monitored the temporal evolution of the fabrication process and
characterized the polymerized film with optical microscopy, both of which proved the
inscription of the slanted waveguides. We then examined the beam collecting and
steering performance experimentally using a 2.65°slab waveguide and a normally
incident laser beam as demonstration. It was observed that when incident on and in
proximate to the waveguide, the laser beam was collected by the waveguide, and
shifted away from its original optical path. Given this, we carefully aligned these
waveguide encoded thin films on commercially purchased silicon solar cells, and
measured the external quantum efficiency (EQE) and the short circuit currents (Jsc).
Compared with waveguide-free control samples, all films comprising waveguides
exhibited efficiency enhancement of up to 4.42%, in the visible to near infrared region.
This study provides a new practical solution to overcome the reflection losses of
normal incident light from grid fingers. The advantages such as the straightforward
design without changing the solar cell structure, the facile and cost-effective
fabrication method, as well as the broadband-operating capability of the polymer slab

waveguides would inspire more functional waveguide structures, which would further
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increase the conversion efficiency of commercial silicon solar modules.

Controlling the divergence and manipulating the output pattern of diverging
beams, such as LED beams, would extend their applications to many fields. In
Chapter 5, we present the proof of concept of employing thin films comprising
RDWEL to control the divergence angle and far-filed intensity distribution of a
diverging beam emitted from a blue LED. We conducted beam propagation simulation
and ray tracing calculation first to study the interactions between the RDWEL and the
light threads with different divergence angles, and predict the possible exiting
directions of the beams. This provided us with the theoretical guidance to design the
experiments and explain the results observed in the subsequent experiments. We then
fabricated the RDWEL using the similar method described in Chapter 3. A
photopolymerisable organosiloxane substituted acrylate fluid was selected as the
waveguide matrix, owing to the large refractive index change it could be induced
during the photo-inscription processes. We then studied the FOV of this RDWEL with
the same method described in previous chapters. It was observed that the constituent
waveguides of the RDWEL had an average angular acceptance range of ~9.6< which
corresponded to an approximate FOV enhancement of 320%, as compared to the
waveguide-free control medium. The considerable overlap between the acceptance
ranges of the probed waveguide subpopulations gave this RDWEL a seamless
panoramic FOV of 70< This value clearly pointed out the angular range the RDWEL
could operate with, and the ~9.6°FOV of its constituent waveguides offered a high
angular capacity the RDWEL could tolerate. We kept the RDWEL at a specific

position on the optical path of a blue LED and studied its beam shaping performances.
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The results revealed the configuration dependent beam manipulation performances of
the RDWEL. Specifically, employing RDWEL with diverging orientation to the LED
beam yielded beam expanding along the horizontal direction; whereas applying a
RDWEL with converging orientation to the LED beam resulting in slight narrowing of
the beam. The intensity distributions of the far-field output of the beam were also
changed in both cases. We conducted measurements by varying the divergence angle
of the LED beam while keeping other conditions constant to study the behaviours of
the light beam coupled and decoupled into the RDWEL. Results revealed that the
diverging LED beams falling in the acceptance cones of the constituent waveguide
subpopulations of the RDWEL resulted in the beam manipulation in both divergence
angle and intensity distribution; whereas the diverging beam falling beyond the
acceptance cone of the RDWEL sub-waveguides suffered barely any beam
manipulation.

This work opened out a new approach to control the inflow and outflow of
diverging light beams. The special characteristics of the RDWEL-derived thin films
would have potential application in optical devices including cameras, microscopes

and endoscopes, solar panels, LCD and LEDs.
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6.2 Future work

Following the work presented in this thesis, further work could proceed in several
directions.

Firstly, for the work of employing RDWEL related structures for wide FOV
imaging, a few things would need consideration. The fields of view of the ommatidia
of arthropods, regardless of their orientation, are always the same. The FOV of the
constituent waveguide subpopulations of the RDWEL mentioned in Chapter 3,
however, vary significantly, owing to the converging beam, which induces
non-identical An at different regions. To obtain a uniform An, spatial light modulator
(SLM) would be need to modify the intensity distribution of the converging beam. As
the film is in planar geometry, the reflectivity of light threads with different incident
angles would also need to be considered while designing the SLM.

Another important direction is to further increase the FOV, as the planar RDWEL
could only perceive an angular range as large as 115< To enhance the FOV,
waveguide arrays with larger angular span would be needed. Theoretical calculation
have shown light beams with incident angle up to 90<could be collected by slanted
waveguides with planar surfaces. For instance, a waveguide with slanted angle of Oy
~ 39.4°constructed in the epoxide based system (n = 1.51, An = 0.001) would give an
angular acceptance cone of [66.2< 909. A symmetric RDWEL fabricated in the
photopolymerisable epoxide medium with its constituent waveguides spanning £39.4°
would be able to perceive a panoramic FOV of 180< To fabricate such RDWEL, a
single lens with lager numerical apertures (NA) would be employed, for instance, a

high-NA semicylindrical condenser lens or a high NA linear Fresnel lens. Such
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structures can also be achieved using multiple lenses with smaller NA, which
collectively give a larger converging angular range in the photopolymer systems.
Stitching RDWEL with smaller angular spanning together to give a larger angular
spanning is also a method which could think, but it would bring a challenge of
retaining the planar geometry of the final structure, and reducing the gap between the
stitched parts.

All the RDWLEs discussed above have their constituent waveguides radially
distributed along the horizontal direction, but periodically stacked in the very direction.
Such structures only have panoramic fields of view. One of the importance directions
in this research field is to develop planar thin films with other waveguide
arrangements, for instance, arranging waveguides omnidirectionally over solid angles.
Such waveguide encoded thin films can be realized in polymer medium using the
self-written technique and employing light beams converging from two directions
(both x and y). Circular lenses with higher NA, for instance, circular Fresnel lens
could be used to enlarge the angular span of the waveguides, and thin films with FOV
up to 180> 180“could be achieved.

The refractive index difference between the core and cladding of the waveguides
is a very crucial factor that would considerably affect the performances of the
waveguide structures. For instance, with n = 1.51 and An = 0.01, a waveguide with 6y
~ 34.6°would be able to collect light from 90< whereas 39.4 °(vide supra) is needed.
This could make the fabrication process much easier, as multiple lenses and single
lens with very large NA may not be needed. Several approaches could be considered

to increase the An. Firstly, modifying the current photopolymer systems by adjusting
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their compositions or introducing other materials, such as nanoparticles.* For
instance, Pradana et al. reported that doping TiO, nanoparticles into a nanoimprint
polymer resist yielded a hybrid material with increased refractive index.®> Another
direction is to fully change the material, such as changing the single-component
photopolymer system into polymer blends, which would go phase separation under the
illumination of optical fields. For instance, Biria and Hosein et al. reported a
photorefractive polymer blend comprised of high refractive-index TMPTA
(Trimethylolpropane triacrylate) and low refractive-index PDMS
(epoxypropoxypropyl-terminated polydimethylsiloxane oligomer), which polymerized
individually and induced refractive index change of 0.034 (measured refractive index
for cured TMPTA and PDMS were 1.480 and 1.446, respectively).* Changing the
inscribing light source from white light into UV lasers would have some benefits. For
instance, Jacobson et al. fabricated micro-scale truss structures via UV laser induced
self-written approach.” This method is fast, the self-written waveguides all have step
index profiles, and the uncured regions can be removed through simple solvent
developing processes. Fabricating RDWEL using UV laser inscription would allow us
to remove the unpolymerized regions, and backfill curable (either photopolymerizable
or thermopolymerizable) medium with much lower refractive index to increase An.
Opague materials would be another alternative backfilling materials that would reduce
even completely eradicate crosstalk in the imaging applications.

We demonstrated in Chapter 4 the concept of employing thin films encoded with
slanted slab waveguides in solar cells. There are a few modifications we can do to

further enhance the light harvesting performance of these thin films. Firstly, although
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the thin films encoded with slanted slab waveguides led to enhanced conversion
efficiency over the unstructured films, the solar cells encapsulated with the epoxide
based thin films, regardless waveguide encoded or not, exhibited lower external
quantum efficiency (EQE) and short circuit current (Jsc) versus non-encapsulated
solar cells® This was mainly attributed to the absorption of the unreacted
photosensitive species in this photopolymer system, which can be alleviated by
replacing camphorequinone with less colored photosensitizers, and reducing the
thickness of the thin films. Bleaching the sample with facile and straight forward
methods which don’t change the structure of the thin films would also be a good
alternative approach.

Another importance direction is to modify the structure of the thin film for wide
angle light collection. As we know, the beam steering effect of a slanted waveguide
originated from the An between its core and surrounding regions. Increasing the An
would increase the collection range of the waveguide, giving it collection ability to
light incident from wide angles. For instance, Biria and Hosein et al. reported that a
waveguide structure with large An exhibited high conversion efficiency even when the
incident angle of probe beam reached 40 degree.® Besides, increasing the An would

1011 \which would reduce

also increase the number of modes the waveguide can host,
the leakage of the light from the wall of the waveguides, as well as increasing the
chances of concentrate the light intensities which would lead to enhanced efficiency.**”
14 Engineering other parameters of the waveguides, for instance, increasing the tilting

angle of the slanted slab waveguides (6yg), Or introducing multidirectional waveguide

arrays may also enable the waveguide-comprising films the capability of light
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harvesting over wide angles, even up to all angles. The advantages of UV-inscription,
as mentioned earlier, render it a good fabrication method. Fabricating slanted slab
waveguides using UV lasers for enhancing the conversion efficiency of solar cells
would be an interesting extension.

In Chapter 5, we presented the proof of concept of using RDWEL-comprising
thin films to control the output of light emitted from diverging light sources. To
understand the coupling and decoupling of the diverging beam into the RDWEL, we
intentionally kept the RDWEL at a specific distance away from the LED, and
employed only part of the LED beam and part of the constituent waveguides of the
RDWEL for the study. As the ultimate goal is to apply the RDWEL based thin films as
conformal coating for LED, several future work remains.

The first thing is to couple diverging light efficiently into all constituent
waveguides of the RDWEL. To realize this goal, we would need to calculate the
angular acceptance ranges of the all the constituent waveguides of the RDWEL, then
design the angles of the microscopic light threads (of the diverging beam) that
impinge on the entrance face of the waveguides. By tuning the pinhole size to tune the
divergence angles of the probe beam (here refers to only part of the LED beam), and
adjusting the position of the RDWEL, the beam could be fully coupled by the
RDWEL. The ~9.6<angular tolerance capacity of the waveguides would make the
calibration easier, because for a beam with constant divergence angle, putting the
RDWEL within a certain distance range would lead to full coupling; while putting the
RDWEL at a constant position, the beam within a certain divergence angular range

would also be fully coupled to the RDWEL.
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The second goal is to couple the entire LED beam into the RDWEL. As the LED
has very large divergence angle, a RDWEL with its constituent waveguides spanning
over large angular range would be needed. Waveguides with large An would also be
very necessary, as it would increase the angular tolerance capacity. The RDWEL in
this case would be place right on top of the LED, as a huge structure would be needed
if put far away from the LED. In this way, employing the RDWEL directly on LED as
conformal coating to efficiently couple the entire beam into the corresponding
waveguides and manipulate the output of the beam would be realized.

Another interesting direction would be fabricating RDWEL with different shapes
(for instance curved surfaces), so that the advantages of the curved surfaces and the

good characteristics of waveguides would be combined.
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