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Introduction

During the last year of my PhD studies I received thousands of questions what
my thesis will be about. The first answer was always easy — "About the photonic
crystals®, however, the second question "What are the photonic crystals?“ is never
easy to answer, because it is too difficult to describe such an amazingly broad topic
in just a few words. Perhaps the most common definition of PhCs defines them as
microstructures, consisting of a periodically varying refractive index, which affects
the motion of photons in much the same way that ionic lattices affect electrons in
solids. A good example of such analogy is a frequency bandgap, which might occur
in both PhCs and solids, and has the same origin. Frequency bandgap is a quality
of crystals, which forbids the propogation of electrons or photons at certain or all
directions. Bandgap present in solid crystals defines them as semiconductors or
insulators, and in PhCs — as the optical insulators, i.e. mirrors.

Long before the invention of PhCs it was known that properly chosen multilayer
structures may act as highly reflective mirrors due to constructive interference. Such
mirrors might possess 99.999% or even larger reflection coefficient. In comparison,
silver mirrors reflects only 95 — 99%, household mirrors — 88 — 92%. Almost perfectly
reflective dielectric mirrors, often referred as Bragg mirrors, were described by Lord
Rayleigh already in 1887 [1, 2] and are now classified as one-dimensional PhCs.

It took exactly one hundred years in order to understand that such highly ref-
lective mirrors could be extended to two-dimensional or even three-dimensional ca-
ses [3, 4]. Originally, such periodic refractive index structures, called the photonic
crystals, were thought to be useful for suppressing the spontaneous emission of sur-
rounded particles, but soon it was discovered that, in addition to the frequency
bandgaps, they can possess plenty other interesting features. In particular, temporal
(chromatic) and spatial dispersion properties can be engineered by carefully selecting
the geometry and refractive index of PhCs. This allows the control of light propaga-
tion in various ways. For instance, it is possible to form such PhCs, which allow the
propagation of light without any diffraction for unlimited distances, independently
on the angle of incidence [5-10]. Selecting other PhC parameters might lead to a

negative refraction effect [11], when the light is refracted in the opposite direction



than usual. This effect allows to create a flat lens without optical axis, with far better
resolution [12, 13]. Photonic crystals can also clean the spatial spectrum of the light
beams [14, 15]. Such filters, which has a length of only ~1 mm, in future might rep-
lace conventional bulky spatial filtering setups, consisting of lenses and diaphragm.
Also, PhCs might possess a slow light phenomenon [16], which could slow down the
effective propagation of the light so, that the light could be outrun on foot. And

that’s not all the possible phenomena.

One-dimensional photonic crystals have been widely applied in practice. Such
multilayer structures are generally used as reflection or anti-reflection coatings. Such
coatings are broadly used in everyday devices, including mobile phones, cameras,
laser printers, eyeglasses, binoculars, computer screens, etc. Two-dimensional PhCs
are used in PhC hollow fibers, where the light is trapped at the core due to the
bandgap of surrounded regions and not due to the total internal reflection as in
the conventional fibers [17]. Three-dimensional PhCs are the most complex and
currently not used because of the lack of fabrication technologies, but are under
intense investigation. It is interesting that 3D PhCs, as well as 1D and 2D, are
widely used or observed in nature for millions of years already. Various stones,
plants, bugs, birds, fishes, and other creatures often possess natural PhCs, which are
responsible for their bright vivid colors, improves the visibility in the dark or provides
other, sometimes extraneous features. For example, it was observed that the PhCs
in Morpho butterfly wings not only provide a bright blue color, but can also act as a
high-speed bolometers, capable to sense infrared radiation via visible range spectral
changes [18]. Numerous examples of natural three-dimensional photonic crystals does

not leave any doubt that they will find their applications in practice.

The typical periods of PhCs are of the order of wavelength. The PhCs operating
in the visible range are therefore difficult to fabricate, especially 2D and 3D. 1D PhCs
are usually formed by evaporation techniques, while UV or electron-beam lithography
techniques are used to form 2D PhCs. 3D PhCs are the most difficult to fabricate

and there is no established techniques yet.

Paradoxically, the first experimental demonstration of working PhC was of the
most complex — three-dimensional geometry [19]. It was designed to operate at mic-
rowave range, and was fabricated by mechanically drilling the holes in some precise
directions. However, in order to produce PhCs operating in optical range, one needs
to look for a higher-resolution material processing technologies, as well as appropria-
te refractive index materials. The first three-dimensional PhCs, working in optical

range, were demonstrated in 1998 [20]. They had a bandgap at 10 — 14,5 um range.



INTRODUCTION

The crystals were made of silicon using UV lithography, commonly used in microe-
lectronics. Even more effort has to be made in order to shift the operating range to
the visible. One of the most promising technologies enabling the fabrication of high-
resolution three-dimensional microstructures are the direct laser writing technologies,
where a tightly focused femtosecond laser beam induces a permanent change in va-
rious glasses or photopolymers. By inducing such modifications point-by-point one
can "draw” almost any three-dimensional shape microstructures having the refractive
index contrast of approximately An,q.. ~ 0.5 in photopolymers and Ang,q. =~ 0.01 in
glasses. These technologies were first demonstrated in 1996-1997 and, due to their
versatility and high resolution, still remain among the most attractive technologies in
PhC research. On the other hand, even these high-resolution technologies are rarely
sufficient to form required so small periods of the PhCs. This, therefore, leaves two
alternatives: either to search for the ways to enhance the technologies, or to investi-
gate how to achieve desired effects in PhCs with longer periods. The latter approach
is common to all the PhCs described in this Thesis and also publications [A1-AS8].

Object ot the Thesis

By using the numerical calculation and direct laser writing techniques to fabricate
and to characterize the photonic crystals, exhibiting structural colors, light focusing,

and spatial filtering in the visible range effects.

Novelty

1. The structural colors, produced in three-dimensional polymeric woodpile photo-
nic crystals with face centered cubic lattice geometry and relatively large lattice

periods (approximately between 600 and 1000 nm), were demonstrated.

2. Flat lensing by three-dimensional photonic crystals was experimentally demonst-

rated in the visible range.

3. It was experimentally demonstrated that linear modulation of longitudinal periods
(chirp) increases the filtering angular range in the photonic crystals for spatial
light filtering.

4. The axisymmetric geometry of photonic crystals was demonstrated. It was shown,
that in photonic crystals of this geometry the phenomena of spatial light filtering

and far-field super-collimation occurs.



Practical novelty

In this Thesis various phenomena of light propagation are demonstrated exper-
imentally in PhCs which have relatively large periods (about 2-5 times larger than
conventionally expected). The larger periods enable an easier fabrication of PhCs by
using existing technologies. All the PhCs investigated in this Thesis were fabricated
by direct laser writing techniques. These techniques are based on the highly locali-
zed changes of the bulk of the transparent materials due to tightly focused ultrashort
pulse laser beam. Such direct laser writing setups were constructed during the PhD
studies as well as their automation software was created.

PhCs for structural color generation, flat lensing, spatial filtering and super-
collimation were investigated. It is likely that such PhCs might be utilized in the
future in various applications. For instance, PhCs for generation of structural colors
might be attractive for sensing applications because of large surface area, for counter-
feiting prevention because of complicated structure and for new generation displays
because of bright non-bleaching colors. Flat PhCs lenses might be applied in various
compact and sensitive devices, as they are flat and do not have optical axis, therefore
are less sensitive to positioning. PhCs for spatial light filtering might replace con-
ventional filtering techniques, consisting of two lenses and a diaphragm, as they are
much more compact, mechanically stable and because of larger aperture might be
used in high power applications. The demonstrated positive influence of longitudinal
period linear chirp allows to broaden the filtered-out areas, therefor such chirped
PhCs are the most potential candidates for spatial filtering applications. Demonst-
rated axisymmetric geometry of PhCs might be useful for uniform spatial filtering
in all directions, this property is important in maximizing the quality of the light
beams. The super-collimation effect, observed at the far-field, transfers the energy
from periphery components to the center components and leads to well collimated
beams. This effect might be useful for increasing the beam quality with smaller
energy losses compared to other filtering techniques. All the discussed effects might

be used in various micro devices as well as all-optical processors or lab-on-chips.

Statements to defend

1. Polymeric woodpile photonic crystals with face centered cubic lattice and transver-
sal periods ~600 — 1000 nm, refractive index ~1,5 and linewidths ~100 — 200 nm

exhibit structural colors.

2. At the presence of anomalously curved isofrequency countours of the higher order
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photonic bands a flat lensing of visible spectral range light beams occurs in the

polymeric woodpile photonic crystals.

3. Photonic crystal spatial filters with linearly varying longitudinal period enable

several times broader angular filtering range.

4. Spatial light filtering phenomenon is observed in low refractive index contrast
(An ~ 1073 — 1072) axisymmetric photonic crystals, consisting of the layers of
periodically varying diameter concentric rings, where each layer has opposite ref-

ractive index modulation distribution.

5. Super-collimation phenomenon, where the axial field components are enhanced
several times by depleting higher angular components, might be observed in axi-
symmetric photonic crystals with small filtering angles and around twice longer
length than required for spatial filters of the same geometry. This effect is not

observed in two-dimensional photonic crystals of analogous geometry.

Approbation

A list of publications, which are included to the database of Thomson Reuters
Web of Science, is provided here. In total there are 35 publications, 21 of these were
published in journals having ISI impact factor. 8 publications are related to the

Thesis.
Related publications:

[A1] V. Purlys, L. Maigyte, D. Gailevicius, M. Peckus, M. Malinauskas, and K. Sta-
liunas, Spatial filtering by chirped photonic crystals, Phys. Rev. A 87(3),
033805 (2013)

[A2] L. Maigyte, V. Purlys, J. Trull, M. Peckus, C. Cojocaru, D. Gailevicius, M. Ma-
linauskas, and K. Staliunas, Flat lensing in the visible frequency range by wo-
odpile photonic crystals, Opt. Lett. 38(14), 2376-2378 (2013)

[A3] L. Maigyte, C. Cojocaru, V. Purlys, J. Trull, D. Gailevicius, M. Peckus, M. Ma-
linauskas, and K. Staliunas, Focusing by a Flat Woodpile 3D Photonic Crystal,
15th International Conference on Transparent Optical Networks (ICTON), 1-4
(2013)

[A4] V. Purlys, L. Maigyte, D. Gailevicius, M. Peckus, M. Malinauskas, R. Gadonas,

and K. Staliunas, Spatial filtering by axisymmetric photonic microstructures,
Opt. Lett. 39(4), 929-932 (2014)
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INTRODUCTION

Contributions

The main co-authors of the research results presented in the Thesis are prof. dr.
R. Gadonas, prof. dr. K. Staliunas, prof. dr. V. Mizeikis, dr. M. Farsari, dr. L.
Maigyteé, dr. M. Peckus and M2 stud. D. Gailevicius.

Prof. dr. R.Gadonas supervised this Thesis.

Prof. dr. K.Staliunas was a consultant of my PhD studies and supervised the
research presented in chapters 5 and 6. He introduced the main concepts of the
photonic crystals and their theoretical models.

Prof. dr. V. Mizeikis was a consultant of my PhD studies and supervised the
research presented in chapter 4. These results were obtained during the practice in
his laboratory in Shizuoka University, Japan.

Dr. M. Farsari gave a lot of practical experience related to photosensitive mate-
rials during the practice in FORTH institute, Greece.

Dr. L. Maigyté and dr. M. Peckus are the co-authors of the research presented in
chapters 5 and 6. They performed the photonic crystal characterization experiments
with the tunable wavelength laser source. L. Maigyté performed numerical FDTD
modeling as well as calculations presented in Figs. 6.6, 6.8 and 6.7.

D. Gailevicius is a co-author of the research presented in chapters 5 and 6 and
helped in casual work in the lab.

The author of this Thesis has assembled two direct laser writing setups and has
created their fabrication software 3DPoli. This software is used in four laboratories
across the world, tens of student bachelor and master thesis, several PhD thesis and
was used in more than fifty scientific publications. All the experimental results desc-
ribed in this Thesis were done by the author (except the characterization experiments
in chapter 5), as well as a main part of numerical calculations presented in chapter

6 and a part of results presented in chapters 4 and 5.

Structure of the Thesis
The content of the Thesis is divided to six chapters:

o Chapter 1 summarizes the main concepts of photonic crystals, including the
explanation of various effects occurring due to temporal or spatial dispersion

properties.

o Chapter 2 summarizes the mechanisms of light interaction with the bulk of

transparent materials. The principles of microstructure fabrication in the bulk
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of the glass and photopolymers are described.

In chapter 3 the fabrication setups used for the fabrication of photonic crystals
are described, including their automation software 3DPoli and other experi-

mental details.
In chapter 4 the results of structural colors are presented.

Chapter 5 summarizes the results of light focusing by flat photonic crystal

superlenses.

In Chapter 6 the results of spatial light filtering by photonic crystals are pre-
sented. Chirped and axisymmetric photonic crystals are analyzed and super-

collimation effect is reported.
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Introduction to photonic crystals

Photonic crystals affect the photons in much the same way as solid crystals affect
the electrons. They often consist of varying refractive index areas which are periodic
in one, two, or three dimensions. The intense research on photonic crystals started
in 1987 after the independent works by Eli Yablonovitch [3] and Sajeev John [4],
although one dimensional multilayer photonic crystals, such as Bragg mirrors, were
known for one hundred years since lord Rayleigh publications [1, 2].

PhCs might possess photonic bandgap — a phenomena, when the propagation of
photons is prohibited in all or certain directions. This is probably the best known
photonic crystal feature, however there are many more other interesting effects emer-
ging from the possibility to control both temporal and spatial dispersion properties
of light. These effects include negative refraction, beam focusing or collimation by
flat PhCs, spatial light filtering, superprism or slow light effects. These effects are
discussed in the chapter 3 of the Thesis and are covered briefly in this summary as
well.

From the practical view of point, PhCs are attractive because of their compact
dimensions, mechanical stability and wide application range, however current choice
of materials and technologies limit their wider usage. One dimensional photonic
crystals are being used for decades in reflection or anti-reflection coatings. Two
dimensional photonic crystals are mostly used in commercial hollow fibers. Three
dimensional PhCs are the most difficult to fabricate, therefore doesn’t have industrial
applications yet, however are under intense research.

In spite of several already existing applications, PhCs have just started to be
implemented in practice. Humanity are still far behind the nature, which utilizes
PhCs in amazingly wide applications for millions of years (the oldest PhCs were found

in 47 million year fossils [21]). Surprisingly, natural photonic crystals have drawn
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attention only after the works of E. Yablonovitc and S. John, even though Newton
has predicted that colors of some birds and insects are caused by light interaction

with thin multilayer structures [22].

Fig. 1.1: Examples of creatures with natural photonic crystals. (a) The scales of
Morpho butterfly wings are covered with one-dimensional fir-like multilayer structures,
providing bright blue color for wide viewing angles [23-26]. (b) The eyes of Mosquitoes
Culox pipiens are covered with a two-dimensional array of ~100 nm diameter pillars
arranged in hexagon lattice, which provides antireflection, self-cleaning and anti-wetting
properties [27, 28]. (c¢) Bright yellowish green color of beatles Charidotella egregia are
caused by three-dimensional photonic structures having diamond-like lattice [29].

Natural photonic crystals are found in 1D, 2D or 3D forms. Their occur in
some gemstones, plants, berries, insects, birds, fishes, etc [24, 26, 30]. The main
function of PhCs in living organisms is to provide strong vivid colors, which are
used for camouflage, warning or various signaling purposes [30]. Such colors have
purely physical origin and are called structural colors. Usually they are brighter
than pigment colors and do not bleach in time. An example of structural colors are
the wings of Morpho butterflies (Fig. 1.1 (a)), which possess bright blue color caused
by slightly disordered one dimensional fir-like multilayer structures [23-26]. PhCs can
be used as anti-reflection coatings as well. Such kind of PhCs were found in the eyes of
mosquitoes Culoz pipiens (Fig. 1.1 (b)), consisting of 2D array of ~100 nm diameter
pillars arranged in hexagon lattice. Additionally, such anti-reflective surface has self-
cleaning and anti-wetting properties [27, 28|. Very complex PhCs were found in

Lamprocyphus augustus beatles (Fig. 1.1 (c)). Their yellowish green color is caused
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1. INTRODUCTION TO PHOTONIC CRYSTALS

by 3D chitin microstructures, with lattice geometry following the diamond lattice
[29]. Interestingly, such PhCs were proposed theoretically before their discovery in
nature [31]. Sometimes natural PhCs might have properties which are not used in
nature, e.g. the wings of Morpho butterflies were found to be sensitive to mid-infrared
radiation and chemical agents, therefore were proposed for sensing purposes [18, 32].

Inspired by nature scientists try to mimic natural structural colors in artificial

photonic structures [33, 34]. Such colors are also demonstrated in chapter 4.

1.1 Temporal dispersion effects in photonic crystals

Due to periodic nature of PhCs, every Bloch wave represented by certain k& vector
can possess discrete energy spectrum only, meaning that each point of k& space has
it’s own energy spectrum. If at certain energy region there are no allowed states at
any k vector, then this region is called a photonic bandgap. If the bandgap exists
in certain directions only, it is called pseudo bandgap. An example of bandgaps in

PhCs and solid crystals are gyven in Fig. 1.2.
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Fig. 1.2: Example of bandgaps (yellow region) in (a) silicon [35] and in (b) woodpile
photonic crystals [36]. Both types of crystals are arranged in diamond-like lattice.

Photonic bandgap is determined by temporal dispersion properties of PhCs. Tem-
poral dispersion might also invoke another phenomenon, called slow light effect. Slow
light effect can be realized in various systems, including PhCs. It allows to slow down

the effective velocity of light up to meters [37, 38] or even milimeters [39] per second.
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The physical origin of the effect is based on multiple interference and occurs at low
slopes of dispersion curves. Since the group velocity vy = ka(E) is dependent on
the gradient of frequency, the low slope of frequency gradient results in low group
velocity and thus slow light.

Slow light prolongs the duration of light-matter interaction, therefore it could
be used in sensing applications. Additionally, it compresses the light pulses and
increases their intensity [40]. Devices, based on slow light effect, might be used in
all-optical computing where optical buffer memory is required. Currently, very long
fiber coils are used for this purpose [41]. At the slow light medium boundary there
is a strong mismatch between the velocities of Bloch modes causing large coupling

losses, which could be avoided by using special adiabatic couplers [42].

1.2 Spatial dispersion effects in photonic crystals

Spatial dispersion engineering offers the possibility to control the light propaga-
tion in PhCs. Various effects, such as negative refraction, flat lensing, super collima-
tion, superprism and spatial light filtering are based on spatial dispersion properties.
Next we will briefly discuss these phenomena using isofrequency contours.

Super lensing effect is caused by negative refraction of light. Such anomalous ref-
raction might be created by convex curved isofrequency contours, such as depicted
in Fig. 1.3 (a) (for guidelines how the isofrequency contours are interpreted see the
main text of the Thesis). It has been proven that flat super lenses has greater reso-
lution than conventional lenses, where the resolution is limited to approximately the
wavelength [12, 43-48]. When the isofrequncy contours are flat, the suppercolimation
effect occurs [5-10]. In this case, the light beams can travel unlimited distances wi-
thout diffractive spreading or focusing. Strongly curved isofrequency contours might
cause another effect, called superprism effect. Superprisms are extremely sensitive to
the light wavelength or it’s direction devices. The sensitivity of superprisms can be
~ 500 times larger than the sensitivity of conventional prisms [49]. Spatial light fil-
tering might also be achieved in PhCs by forbidding the light propagation in certain
directions. There might be two cases: with [14, 50-53] and without [15] the angular
bandgaps, in the latter case the light is deflected to diffraction maxima. This case is

studied more in detail in chapter 6.
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Fig. 1.3: Spatial dispersion effects in photonic crystals: (a) superlens effect, (b) super-
collimation effect, (c) superprism effect, (d) spatial light filtering with and without (e)
angular bandgaps. The blue curves denote isofrequency contours, thin lines represent
phase velocity direction, while thick lines — group velocity. Orange doted lines mark
first Brillouin zone and black doted lines mark the tangential vector components which

are of a constant length.
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Principles of transparent materials laser

fabrication

Just a couple of years after the creation of the laser in 1962 [54], it was noticed that
intense Q-switched laser beam can cause modification or damage of various materials,
particularly breakdown of optical elements used in lasers. Such phenomena were
initially considered to be harmful, having no practical value, and preventing further
development of lasers. However, it was soon understood that lasers can be used in
industry as a highly accurate, non-contact welding or cutting tools, i.e. they can
process materials surface. It took a couple of decades more in order to understand
that lasers can do what any other mechanical tool can’t — they can also process the
volume of transparent materials without affecting their surface [55].

Transparent materials has a bandgap larger than the incident photon energy,
hence the photon energy is not sufficient to transfer electrons from the valence band
to the conduction band. Such materials do not absorb light, therefore at the first
glance it seems rather impossible to process them by using the laser beam. However,
it is possible to overcome this limit by utilizing nonlinear phenomena, which often
occur at the focal volume of tightly focused femtosecond laser beams, where huge
peak intensities occur. The first demonstration of such possibility was shown in 1996,
where waveguides were inscribed to the bulk of various glasses (doped with germa-
nium, boron, sodium, calcium, fluorine, zirconium) using femtosecond Ti:Sapphire
system (810 nm, 120 fs, 200 kHz). It was shown that refractive index change of the
order of 0.01-0.035 is achievable in all of these glasses, which is sufficient for optical
waveguides [56].

In 1997, soon after the previous publication, another publication came out [57],
demonstrating the possibility of creating three-dimensional microstructures in the

bulk of light sensitive photopolymers. Such polymers, composed typically of a mix-
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2. PRINCIPLES OF TRANSPARENT MATERIALS LASER FABRICATION

ture of monomers and a photosensitizers, are sensitive to UV light. If exposed, the
chemical reactions start, which lead to polymerization of monomer molecules. These
reactions can also be initiated nonlinearly using near infrared femtosecond laser ra-
diation. The light is absorbed via multi photon absorption, therefore this technology
was named two photon or multi photon polymerization. The inscribed microstructu-
res are highly chemically resistant, therefore they can be revealed by washing out the
unexposed areas with solvents. The example structures of the mentioned pioneering

publications are shown in Fig. 2.1.

(a) (b)

Fig. 2.1: Examples taken from the pioneering works demonstrating the possibility to
inscribe the microstructures in the bulk of (a) the glass and (b) photopolymers, by using
tightly focused femtosecond laser beam. (a) An optical image of laser-inscribed wave-
guide [56], (b) scanning electron microscope micrograph of three-dimensional polymeric
7 wm wide spiral, made by two photon polymerization technique [57].

The second chapter of the Thesis reviews the mechanisms of light-matter interac-
tions in transparent materials. It is shown, that every modification of the bulk might
be divided into the three main steps — generation of electron plasma, energy relaxa-
tion and material modification. Each step is described more in detail, the role of
ultrashort pulses is discussed. Next the principles and main concepts of multiphoton

polymerization technology are summarized.
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Experimental details of fabrication setups and

materials

I Both multiphoton polymerization and glass bulk modification technologies, dis-
cussed in the first chapter of the Thesis, could in general be called Direct Laser
Writing technologies, as both share the same point-by-point modification principle.
Therefore, the experimental realization of both technologies is almost identical, in
spite of their different physical nature. In this chapter of the Thesis the experimental

details of such microstructure fabrication systems are provided.

3.1 Three-dimensional microfabrication systems

The main components of point-by-point laser fabrication systems include the
laser, sample translation stages and control software. In Fig. 3.1 (a) the optical
circuit of example microfabrication system, assembled during this work, is depicted.
Yb:KGW laser (,Pharos*, Light Conversion) was used as a laser source, having va-
riable repetition rate of 1 — 200 kHz, maximum avarage power of 6 W, and 1030 nm
wavelength. The precise power of the laser beam is set by two sets of attenuators,
consisting of half-wave plate and a pair of polarizers. If necessary, the beam could
be guided to second harmonic generation circuit by removable mirrors V1 and V4.
Next the beam is expanded by 3 times using Galilean telescope in order to fill entire
aperture of microscope objective. Expanded beam is passed to galvoscanning mirrors
and then to the microscope objective through 4F system (L3, L4). The microscope
objective focuses the light to the glass or photopolymer sample, which is positioned
by three-dimensional translation stages. The life-view imaging is achieved by illumi-

nating the sample with red light emitting diodes, and collecting the light with tube

!The fabrication systems described in this chapter were used in [A1-A36] publications.
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3. EXPERIMENTAL DETAILS OF FABRICATION SETUPS AND MATERIALS
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Fig. 3.1: (a) The optical circuit of direct laser writing fabrication setup. See the main

text for details. (b) 3DPoli fabrication software window demonstrating the 3D preview
of designed spiral array structure.
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lens L5 to the digital camera.

The fabrication software is crucial component of direct laser writing technology.
The capabilities of the software limits the variety and complexity of possible struc-
tures, as well as productivity of the work-flow. In practice, each microfabrication
system consist of different equipment, so there are no commercial software suitable
for every system, therefore home-made software must be used. During this PhD work
the 3DPoli microfabrication software was created.

3DPoli is a software designed for both the definition of the microstructures and
for their fabrication. The structures in 8DPoli are defined via various commands,
which include positioning commands, cycles, variables, procedures, mathematical
functions and so on. Additionally, predefined structures may be imported from stan-
dard lithography files. Before the fabrication, the microstructures can be visualized
in 3D preview (Fig. 3.1 (b)) and various automatically calculated parameters may
be inspected. One of the main features of this software is it’s compatibility with
various equipment, which is achieved by modular design of the software.

This chapter of the Thesis describes the microbarication setups and 3DPoli more
in detail, provides the description of photochemical reactions and synthesis of hybrid
organic-inorganic sol-gel photopolymer, which was used in the photonic crystal fab-
rication via multiphoton polymerization, and describes other additional equipment,
required for the fabrication of photonic crystals and other microstructures. Some
examples, created with described systems and fabrication software are given in Fig.
3.2.
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3. EXPERIMENTAL DETAILS OF FABRICATION SETUPS AND MATERIALS
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Fig. 3.2: Examples of microstructures, created with 3DPoli software and fabricated
by direct laser writing setups described in this chapter of the Tesis. Micro-optical com-
ponents: (a) microprism [A32] (b) microlens array and (c) their imaging performance
[A21]. Photonic elements: (d) photonic crystal made of hybrid organic-inorganic tan-
talum containing photopolymer (e) and it’s surface [A26], (f) axisymmetric photonic
structure inscribed in the bulk of the glass. (g) Microgorilla, which model was imported
from STL file [A9]. (h) traditional lithuanian straw himmeli made of photopolymer.
(i) Scaffold for cell growth [A18].
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Structural colors in woodpile photonic crystals

1 Structural colors were first discovered in natural systems, such as gemstone
opal, blue wings of Morpho butterflies, colorful scales of fish, and insects, etc.[24, 26].
Bright, non-fading coloration of purely physical origin not related dyes or pigments
are of interest for a wide range of applications [18, 32, 34|, and replication of structu-
ral color in periodically structured dielectrics has attracted some attention recently
23, 33]. Structural colors in dielectrics are associated with photonic band gap (PBG)
or photonic stop/pseudo gap (PSG) of photonic crystals [58]. Strong resonant ref-
lectance bands due to PBG or PSG may lead to coloration, provided that central
wavelength of the PBG/PSG spectral region is tuned to the visible wavelength range.

Fabrication of structural color materials relies on availability of fast and acces-
sible, natively 3D nanostructuring techniques, such as Direct Laser Writing (DLW)
lithography, described in chapters 1 and 2. In many PhCs fundamental (lowest
frequency) PBG or PSG typically open between lower photonic bands at normalized
frequencies f = a/\ = 0.5, where a is the PhC lattice period and X is the wavelength.
In order to tune the fundamental stop gap to the visible spectral range, PhC lattice
period must be scaled down to a = Appg/2 < 500nm, with average feature size appro-
aching 100 nm. Such spatial resolution is difficult to achieve without major improve-
ments [59] to the DLW technique. High resolution requirement may be circumvented
by exploiting higher-order PSG, as demonstrated for 3D woodpile architecture PhCs
fabricated by DLW [60, 61]. However, in this case the face-centered-cubic (fcc) unit
cell of woodpile structure must be stretched toward the face-centered tetragonal (fct)
symmetry. Tuning PSG to the visible spectral range would require very short lattice
periods along non-stretched lattice directions, which is difficult to achieve in prac-

tice. In this study we demonstrate 3D woodpile PhC structures having fcc lattice

!Chapter is based on [A6] ir [A7] publications.
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4. STRUCTURAL COLORS IN WOODPILE PHOTONIC CRYSTALS

symmetry and relatively large transversal period of =~ 0.6 —1 pm exhibiting structural
color and realized in photoresist using DLW technique. The origin of the observed

structural colors is not completely clear as it can not be directly explained by higher
order PSG.
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Fig. 4.1: Scanning electron micrograph of an array of photonic crystals made with
varying laser fabrication power (P) and lattice constant (a). The inset shows magnified
view of one of the crystals.

Photonic crystals of woodpile geometry were fabricated by using DLW setups
described in 2 chapter. Figure 4.1(a) shows scanning electron (SEM) image of an
array of woodpile structures, each having a footprint of 25 x 25 ym? and a total height
of N = 25 layers, fabricated using various combinations of in-plane fec lattice period
azy and writing laser power Ppry in order to systematically tune spectral position
of the PSG region via the lattice period and dielectric filling fraction. Figure 4.2(a)
shows optical reflectance image of such PhC array. The brightest colors can be
found in vicinity of diagonal line connecting top-left and bottom-right corners of
the matrix. Illumination and imaging was done using halogen lamp illumination
and NA=0.3 microscope lens, which integrates reflectance within about +17° spatial

angle with respect to the normal to the sample surface (woodpile stacking direction).
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Fig. 4.2: (a) Optical microscopy image of woodpile photonic crystal samples with va-
rious lattice parameters and fabricated using various laser powers, (b) visible reflectivity
spectra of samples denoted by numbers in (a).

Under these circumstances, observation of well-defined color indicates its relative
independence of the observation angle. However, under observation with NA> 0.5
lens, the colors were found to fade, blending into bright white.

Reflectance spectra of selected samples emphasized by line in Fig. 4.2(a) are
shown in Fig. 4.2(b). The spectra were measured in the range of 250-800 nm using
FE-3000 microscope (Otsuka Electronics) with NA=0.4 imaging lens. Clear refle-
ctance peaks with magnitude of ~ 20% are seen; the peaks exhibit red-shift with
Pprw (increasing dielectric filling ratio) and the PhC lattice period in accordance
with Maxwell’s scaling behavior [36]. Spectral positions of the peaks roughly cor-
relate with colours of the samples, although for the sample with a,, = 900nm and
Pprw = 2.10mW, greenish color seems to contradict its reflectance peak centered
around 640 nm wavelength. This is most likely due to spectral variation of the
halogen lamp illumination.

Colourful fcec woodpile PhC structures fabricated in photoresist by advanced DLW
technique were reported previously [59]. However, structures prepared in the present
study have lattice period about twice larger than those in Ref. [59], but nevertheless
exhibit visible coloration. In fact, theoretical analysis based on the the PhC latti-
ce parameters suggests that their fundamental PSG should open at near-infra-red
(NIR) wavelengths (see below). To verify this expectation, in addition to the visible
reflectance, NIR reflectance of some samples was measured using Fourier-Transform
Infra-Red (FTIR) spectrometer (Nicolet Nexus with Continuum infrared microsco-
pe). Samples prepared for FTIR measurements had larger area of 50 x 50), um? to

improve signal collection. Optical reflectance images (Fig. 4.3(a)), and extended
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4. STRUCTURAL COLORS IN WOODPILE PHOTONIC CRYSTALS
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Fig. 4.3: (a) Optical images and colors of PhC samples, (b) their reflectivity spectra
at visible and NIR wavelengths. Approximate central wavelengths of NIR reflectance
peaks 1A, 2A, and 3A and visible peaks 1B, 2B and 3B are indicated by numbers (in

nanometers).

reflectance spectra of three PhC samples (Fig. 4.3(b) illustrate that in addition to
visible colors, NIR reflectance peaks can be seen. The NIR peaks are labeled as 1A,
2A, and 3A according to the sample numbers in Fig. 4.3(a). The NIR peaks are
matched by reflectance peaks at visible wavelengths labeled as 1B, 2B, and 3B. From
the peaks’ central wavelengths given in the plot one can see that in each sample peak
B occurs at approximately twice shorter wavelength than peak A. Such relationship
seemingly suggests that visible reflectance peak B responsible for the structural color

is due to a second-order PSG.

However, according to theoretical simulations, second-order PSGs do not open in
these samples. Simulations of photonic band diagrams using MIT Photonic bands
software [62], and simulations of reflectance spectra using Finite-Difference Time-
Domain (FDTD) software (FDTD Solutions, Lumerical) were performed using struc-
tural parameters of the samples extracted from Scanning Electron Microscopy (SEM)
images, such as those shown in Fig. 4.4(a). The lateral parameters a;, = 940 nm and
dzy = 130nm for sample 1 (Fig. 4.3(a)) were directly determined from SEM images,
and reflect photoresist shrinkage by about ~ 5%, a typical amount for zirconium-
based sol-gel composites [63]. The axial parameters a, and d, were inferred from
their fixed relationships with a,, and d;,. SEM images also illustrate high porosity

(low dielectric filling fraction) of the colourful samples.

Figure 4.4(b) summarizes the results of reflectivity calculations along woodpile
layer stacking direction, or I'— X’ crystallographic direction. As can be seen, spectral
positions of experimental peaks A and B are qualitatively reproduced by the calcula-
tions. Simulations also predict high reflectance regions at short wavelengths, but

in the experimental spectra these high-frequency features typically become suppres-
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Fig. 4.4: (a) reflectance spectrum of a model structure with lattice parameters esti-
mated from Fig. 4.1 (b), and experimentally measured spectrum, (b) photonic band
structure of the model structure.

sed due to subwavelength-scale disorder (e.g., photoresist surface roughness). High-
reflectance band is also expected to occur in the wavelength range of 800-1000 nm,
but since this range was not available for measurements, it is also omitted in the

simulated spectrum.

Photonic band diagram shown in Fig. 4.4(c) uses normalized frequency units
fo = a/)\, where a = /(2)ay, is the lattice period of fcc unit cell. Correspondence
between wavelengths of the reflectivity peaks and frequencies in the band diagram
is emphasised by arrows. As can be seen, the NIR reflectivity peak 1A corresponds
to the fundamental PSG along the I' — X’ direction seen at f, = 0.93. On the other
hand, the visible reflectivity peak 1B does not have a matching frequency gap in the
band diagram along the same direction. Therefore, while the NIR reflectivity peak
can be associated with the fundamental PSG, physical origin of the visible peak is
apparently not directly related to PSG.

Photonic crystals may exhibit strong optical attenuation and high reflectivity
regions even in the absence of PBG or PSG due to poor coupling and group velo-
city mismatch between fast incident plane waves and slow Bloch modes in photonic
crystal. In order to verify possible role of slow light in our samples, we have examined

group velocity dispersion along the I' — X’ direction. Group velocity is defined as
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Fig. 4.5: Calculated dependence of group velocity v,. on normalized frequency along
I' — X’ direction. Different colors represent different photonic bands.

vy = dw/dk, where w is the cyclic frequency, and approaches zero in horizontal seg-
ments of photonic bands. Since we are primarily interested in propagation properties
along the woodpile stacking direction z, it is enough to consider behavior of the group
velocity component parallel to the z axis, vy,. The software used for band structure
calculations allows to obtain frequencies f(k) or w(k) of the Bloch modes, and the
corresponding group velocities vy (k). From these dependencies vy, (f) dependence was
obtained, and is plotted in Fig. 4.5. Group velocity decreases slightly near the edge of
the Brillouin zone in vicinity of the fundamental PSG, where NIR reflectance peaks
(denoted as Al, A2 and A3 in Fig. 4.3) were observed. However, main reason for
these peaks is presence of the frequency gap rather than slow light. Above the PSG,
vg:(f) changes the sign, reflecting negative slope of photonic bands (we stress here,
that negative values of group velocity component do not imply presence of negative
refraction, for which phase and group velocity vectors must be anti-parallel). Above
the PSG, especially for f > 1.45 group velocity tends to exhibit fast oscillations be-
tween positive and negative values, crossing the vy, (f) = 0 point. We regard density
of these crossovers as a qualitative measure of the density of states with low group
velocity. As can be seen from the Figure, there are two spectral regions with high
crossover density at f = 1.55—1.6 and at f = 1.8 —2. The first region is centered near
the wavelength of A & 0.85 yum where experimental reflectivity was not measured (but
calculations reveal a high reflectance band), and the second region is centered near
the wavelength of A\ ~ 0.7 um, i.e., close to the visible high-reflectance region 1B on
sample 1. This correspondence can be also extended to other samples with different
lattice periods and dielectric filling fractions via Maxwell’s scaling. Hence, the above
analysis supports assumption that slow light phenomenon may be responsible for the

observation of structural colors in our samples.
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Conclusions

In conclusion, we have presented experimental data and analysis suggesting the
possibility to obtain structural colors in polymeric photonic crystals due to modified
dispersion of high-frequency photonic bands, rather than due to the fundamental pho-
tonic stop gap. This allows one to obtain structural colors in photonic crystals with
relatively large unit cell, thus substantially decreasing the requirement of high spatial
resolution, and making fabrication of such materials by DLW technique somewhat
easier. Previously, exploitation of higher-order PSGs in 3D woodpile architecture po-
lymeric photonic crystals was suggested as a possible method to allow larger lattice
period and easier fabrication [61]. However, in order to achieve multiple higher-order
PSGs, strongly elongated fct unit cell was used. Since elongation pulls down frequen-
cies of of fundamental and higher-order PSG, it is difficult to tune them to the visible
wavelength range by downscaling the fct unit cell, because very high lateral resolute
of DLW fabrication would be still required. Here we have presented a more practical
alternative to obtain structural colors without PSG and maintaining the fec unit cell
symmetry. This result may be helpful in realization of dielectrics with controllable

structural colors by DLW and other techniques.
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Beam focusing by woodpile photonic crystals

1 Spatial periodic modulation of the refractive index on a wavelength scale in
photonic crystals (PhCs), provides control of both temporal and spatial dispersion
properties of light waves, in the latter case offering the possibility of manipulating the
spatial propagation of the light beams. PhCs may provide, for particular geometries,
anomalous spatial dispersion for a beam propagating inside the structure [44], leading
to nondiffractive (self-collimated) propagation of light [10] and negative refraction
46, 64], and also to flat PhC lensing [45] or superlensing [65] effects. See more in 1.2
chapter.

The concept of flat PhC lensing is based on the transformation of the phases of
the angular field components. The convex-curved phase shifts of field components
accumulated during propagation inside the PhC can be compensated by the usual
concave-curved phase shifts during propagation in a homogeneous material, both in
front of and behind the PhC, resulting in focusing behind the PhC. The distance
between the object and the PhC, I, and between the PhC and the image, I, obey
the relation [y + Iy = F, where F is the focal distance of the flat PhC lens. This
is in contrast to the usual focusing by conventional or by Fresnel lenses, where the
well-known relation 1/l; + 1/ls = 1/F holds (Fig. 5.1).

In this chapter a full two-dimensional focusing by a polymer-based three-dimensional
woodpile PhCs is experimentally demonstrated. Full two-dimensional flat lens fo-
cusing has been experimentally shown for microwaves [5] and for sound waves [66].
Moreover, even 1D focusing/imaging by PhC slabs has thus far been experimentally
demonstrated only in the near-IR frequency range [67].

PhC lensing is usually considered for modulation periods of the order of wa-

velength. Flat lensing occurs due to the convex-curved spatial dispersion (or isof-

!Chapter is based on [A2] publication.
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Fig. 5.1: Focusing by (a) conventional and (b) super lenses. Object placed at [
distance is images at the distance [5. F' denote focal length.

requency) lines in the first, or at most in the second, propagation band. In particular,
for PhCs of square symmetry, the corner of the Brillouin zone (BZ) is positioned at
Mpz = 2ndy (X is the wavelength, 7 is the effective refractive index of the PhC, and dy
is the lattice period). The self-collimation (SC) (the flattening of the spatial disper-
sion lines) occurs at frequencies below the corner of the BZ, i.e., at Agc > A\pz. The
flat lensing, which is based on anomalously curved spatial dispersion lines, generally
occurs between the frequencies of SC and of the edge of the BZ. The experimental
demonstration of flat lensing in the visible range is therefore a difficult task, due
to technological limitations of PhC fabrication techniques at this scale. We use an
alternative approach based on PhCs with relatively large modulation periods, but
searching the flat lensing effects in higher order bands. This, on one hand, simplifies
the fabrication of the samples, but on the other hand makes the observation and
interpretation of the focusing effect more complicated, since the harmonic expansion

techniques become very complicated in high-order propagation bands.

Finite-difference time-domain (FDTD) calculations were first performed in order
to check the expected focusing of a Gaussian beam. The parameters were as follows:
refractive index n = 1.5, transverse period d; = 0.9 um, longitudinal period d| =
6 um (filling factor 70%), transverse size 80 um, and length of the crystal 30 um (5
longitudinal periods). The beam was focused just at the front face of the PhC, with
the focal spot width in the range of 1.6 — 3.0 pum.

First we identified the SC wavelength, by propagating the narrow beam inside
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5. BEAM FOCUSING BY WOODPILE PHOTONIC CRYSTALS

0 40 80 120 160 _
istance behind PhC (pm)

60 120

0
istance behind PhC (um)

T

FWHM (um)
e I
o vt O W

07020 80 120
Distance behind PhC (um)

Fig. 5.2: (a), (c), (e) Field intensity distributions at 532, 570, and 700 nm, inside
and behind the PhC, calculated by 2D FDTD; (b), (d), (f) the beam width depending
on distance behind the crystal (red) compared to the width of the reference beam
(black) (dots, experimental results; lines, numerical results); (g)—(i) 2D distributions
of the beams at the plane of 60 um behind the PhC taken with a CCD camera for
the corresponding wavelengths of 532, 570, and 700 nm (corresponding positions are
marked by arrows in (b), (d), and (f), respectively).

the elongated woodpile structure (20 longitudinal periods), at around Agc = 610 nm.
We concentrated, consequently, on the range 370 nm< A <610 nm. The results
are summarized in Fig. 5.2. The beam of 532 nm wavelength focuses at a distance
of around ~40 um, while the 570 nm beam has the smallest width at a distance of
around ~70 um behind the PhC. For the wavelength of 700 nm, which is already in
the normal spatial dispersion regime according to the estimation above, no focusing

was obtained.

Woodpile PhC samples, with the parameters used in the above FDTD calcula-
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Fig. 5.3: Scanning electron micrographs of woodpile photonic crystals fabricated in
hybrid photopolymer. (a) An example of array of crystals for parameter search; (b) the
image of a woodpile crystal fabricated if optimum parameters.

tions, were fabricated by laser direct writing technique as described in 1 and 2 chap-
ters of the Thesis. An example of PhCs, fabricated using optimum parameters is given
in Fig. 5.3. For the experimental measurements a supercontinuum source pumped
by an 800 nm Ti:saphire laser was used. The particular wavelengths of 532, 570, and
700 nm were selected by a monochromator. The beams were focused using a 20x NA
0.4 microscope objective onto the front face of the PhC, which for different frequen-
cies resulted in waist widths varying from 1.6 to 3 um. The beam profiles at different
distances behind the crystal were recorded with a CCD camera mounted on a trans-
lational stage, together with the imaging system. The width of the beam behind the
PhC was calculated, applying a Gaussian fit to the CCD images. The experimental
results are summarized and compared with the FDTD calculation results in Fig. 5.2.
Quantitative correspondence between the experimental and numerical data is not

perfect, but the qualitative tendencies are the same.

The smallest beam diameter is found at particular distances (around 50 um) be-
hind the PhC at 532 and 570 nm, while monotonous spreading is observed at 700
nm. However, even in the latter case the divergence was slightly less than that of
the reference beam, due to the spatial filtering of the beam (see next chapter). The
minimum widths of the beam behind the PhC were around ~2.1 um and ~3.4 um at
570 and 532 nm, respectively. This result gives a rough estimation of the numerical
aperture of the flat lens: NA ~ 0.1.

We note that we could not observe the beam focalization continuously throughout

the expected wavelength range Agz < A < Mg, but just in several distinct areas of
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Fig. 5.4: Minimum diameter of the beam behind the PhC (red) and the focal distance
(blue) versus wavelength calculated by FDTD. The two insets represent isofrequency
lines, where the spanning harmonics (see main text) are highlighted in red and global
trends of isofrequency are lines highlighted in blue. The left inset is at the frequency
of flat lensing (at 570 nm) and the right one at self-collimation (at 610 nm).

this range. Figure 5.4 shows the focalization performance calculated by FDTD (the
beam diameter at the focus as well the focal length depending on the wavelength).
The reason for that is that we worked at very high-order propagation bands; although
the character of the isofrequency lines is globally defined by the first harmonic of the
index modulation, the higher harmonics interfere and distort the isoline picture. The
higher the propagation band is, the more harmonics come into play, resulting in a
stronger distortion of the isoline picture. As seen from Fig. 5.4 insets, although
the isoline picture (calculated by the standard plane wave expansion method [62]) is
quite disordered, the global trends can still be traced (highlighted in blue), indicating
the appearance of flat segments (for SC) as well as positively curved segments (for

flat lensing). The spanning harmonics are highlighted in red.

Conclusions

To conclude, we have reported the first (to our knowledge) experimental confir-
mation of beam focusing by a flat 3D woodpile PhC at visible frequencies. The results
show a convincing flat lensing with focal distances of around 50 — 70 pm behind the
crystal. No focusing appears at other wavelengths, excluding all possible refractive
geometrical focusing effects (e.g., due to possibly curved surfaces of the woodpile).

The observations are in good correspondence with the 2D FDTD simulations.
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Control of spatial light spectrum by photonic

crystals

1 Spatial filtering is broadly used to improve the spatial quality of light beams.
It allows to remove the unwanted frequency components from the spatial spectrum
of waves. The constitution of the spatial spectrum is responsible for focusability,
divergence and directionality of the beams, therefore in most of the applications
it is important to have the highest quality beams, consisting of the lowest spatial
frequencies. Spatial filtering is frequently used in laser systems, information proces-
sing, image enhancement, spatial spectrum analysis, improvement of directionality
of antennas, etc [14, 68, 69].

| |
(""“ (“““

L1 Diaphragm L2
Low quality beam Spatially cleaned beam

Fig. 6.1: Conventional spatial filtering technique uses a confocal system of lenses (L1,
L2) to form a far field image in the focal plane, where a diaphragm of appropriate
diameter is positioned in order to remove undesired angular components of the spatial
spectrum.

A conventional technique of spatial filtering uses a confocal system of lenses to

form a far field image in the focal plane, where a diaphragm of appropriate diameter is

'This chapter of the Thesis is based on [A1], [A4], [A5], [A7] and ?? publications.
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6. CONTROL OF SPATIAL LIGHT SPECTRUM BY PHOTONIC CRYSTALS

positioned in order to remove undesired angular components of the spatial spectrum
(Fig. 6.1). However, such systems have some drawbacks: (1) they require the optical
path of at least two focal lengths (typically 10 — 40 cm); (2) precise positioning of
the diaphragm is needed; (3) they often suffer from mechanical instability; (4) it is
difficult to fabricate focusing optics at some frequency ranges. Various alternative
techniques have been suggested, which are based on the use of anisotropic media
[70], resonant-grating systems [71, 72|, interference patterns [73], multilayer stacks
combined with a prism [51], and metallic grids [74], two-dimensional photonic crystals
with [75] and without [53] defects, one-dimensional multilayer [76] and gradient PhCs
7).

Spatial filtering might be realized in three-dimensional photonic crystals by engi-
neering the spatial dispersion w(E) in such a way, that certain propagation directions
are prohibited. In chapter 1.2 the two spatial filtering mechanisms were shown. The
first and most obvious one is to implement the angular bandgaps, where no allowed
states are present at certain directions. In this case, the unwanted radiation is ref-
lected to the backward direction. Such type of filtering was proposed in 2D and 3D
PhCs [14, 50, 51, 76]. In order to open the angular bandgaps the longitudinal pe-
riods must be shorter than the wavelength d; < A. In visible range this corresponds
to 200 — 400 nm periods which is still difficult to achieve with current technologies.
This might be the reason why such filtering has never been shown in optics yet,
although recently it was shown in acoustics [78, 79], where the longitudinal periods

are of a few millimeters size and therefore are easier to fabricate.

Another way to achieve spatial filtering in 3D PhCs was proposed in [15]. In this
case, the filtered out components are deflected to diffraction maxima. Such PhCs do
not have the angular bandgaps. The longitudinal periods of these crystals might be
several times larger, therefore such PhCs are much easier to fabricate. Such type of

filtering was recently experimentally demonstrated in acoustics [78] and optics [80].

In this chapter of the Thesis several aspects of spatial filtering in PhCs are analy-
zed. Firstly, experimental spatial filtering by chirped PhCs is demonstrated followed
by numerical simulations. Next, axisymmetric geometry of PhCs is proposed, which
allows axisymmetric spatial filtering. Then, a super-collimation effect in axisymmet-

ric PhCs is demonstrated.

PhCs for spatial light filtering applications were fabricated in a standard mic-
roscope soda-lime glass slides (n &~ 1.52) by a point-by-point modification of the
refractive index using tightly focused femtosecond laser beam. Such direct laser wri-

ting technique is described more in detail in 1 and 2 chapters of the Thesis. For
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(a) (b)

Fig. 6.2: The optical microscopy image view (a) and (b) the magnified image of the
fabricated chirped structure.

characterization of filtering the PhC samples were illuminated by continuous 633 nm
wavelength HeNe laser beam focused into PhC samples with 10x 0.3 NA objective.
Focusing provides a large angular range of the radiation illuminating the PhC. By
measuring the angular far field intensity profile at the output of the PhC one can
determine which components are filtered out. To register the output a CCD camera

was placed at 1-3 cm behind the sample (Fig. 6.2).

-33° -4° 0° 4° 33°

Fig. 6.3: Experimental measurement scheme (a): The HeNe laser beam is focused
into PhC. Part of the angular components is deflected to the diffraction maxima and
the rest passes through. A CCD camera placed on the rotational stage measures the
angular intensity profiles. (b) A part of CCD camera image of the beam behind the
PhC (far field image).
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6. CONTROL OF SPATIAL LIGHT SPECTRUM BY PHOTONIC CRYSTALS

6.1 Spatial filtering by chirped photonic crystals

The fabrication of the gapless spatial filters is more convenient, as not so small
longitudinal periods are required. On the other hand, the efficiency of filtering is
restricted, as the deflected wave components propagate in forward direction, and can
be scattered back into the modes of initial radiation. The process is summarized in
Fig. 6.4, where the gapless filtering depending on the length of nonchirped PhC is

shown.
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Fig. 6.4: Angular profiles of filtered radiation depending on the length of the non-
chirped PhCs (in terms of number of periods N). (a) Numerical and (b) experimental
results. Details are provided in the main text.

Evident is that initially the “dips” in the angular spectrum (the filtered out
angular regions) increase in depth with increasing crystal length (Fig. 6.4, N=8,14).
However, when the area being filtered is depleted to zero, the reverse process starts,
and the efficiency of the filtering starts decreasing (Fig. 6.4, N=20,22). Moreover,
the filtered out area appears to be not a smooth dip, but develops an oscillatory
shape. This is in contrast with the spatial filtering based on the band gaps, where
the filtered out radiation propagates in a backward direction, and cannot be scattered
back. As a consequence, the filtered out angular areas monotonically increase with
the propagation length in PhCs with angular band gaps.

In order to achieve efficient angular filtering the reverse scattering process is to

be suppressed, i.e., the interaction between harmonics is to be allowed for a limited
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propagation distance, and interrupted at the distance before the reverse process
starts. For the parameters of Fig. 2, the optimum length providing maximum dip
of filtered out components is approximately 14 periods. However, at the optimal
distance the filtering dip is of a limited width. Another possibility to increase the
efficiency is the use of chirped structures [15], where the longitudinal period varies
along the photonic structure. As the filtering angle depends on the longitudinal
period of the PhC, the angle sweeps along the chirped structure. As the result one
can obtain simultaneously: (1) the angular range of filtered out components can be
increased, i.e., determined by the sweep of the instantaneous filtering angle along the
full length of the crystal; and (2) the reverse scattering process can be suppressed, as
the efficient interaction length of the angular components is limited by the velocity

of the sweep.

The section is devoted to the experimental demonstration of the above described
idea, and to the quantitative analysis of the efficiency of the angular filtering in the

presence of chirp.

The PhCs were designed to have 100 layers of parallel, equally spaced rods with
a 1 um transverse period. Every second layer was shifted by half of the transverse
period with respect to the previous one, thus two layers result in one longitudinal
period. For chirped crystals the longitudinal period d is linearly incremented by Ad
for every new period d); = d); +i - Az, where i counts the periods i = 1,....,N. The
adimensional chirp parameter is defined by C = Az/d_H, where d_” = (dj1 +dn)/2
is the average distance between layers. We chose d_H to be d_H = 6 um and kept it
constant in different samples, whereas the chirp parameter C' was varied from sample

to sample. Such fixed d_” corresponds to central filtering angle +4°.

The main results of the study are summarized in Fig. 6.5, which evidences the
constructive role of the chirp for spatial filtering performance. The angular range as
well as the energy of filtered-out radiation increases with increasing chirp as expected.
The experimental results correspond qualitatively well to the numerical calculation
results. Some discrepancy between the experimental measurements and numerical
results appears, especially for large values of the chirp, which is due to imperfections
of fabrication of the samples. Overall, although the measured efficiency of the filtering
increases with increasing chirp parameter, the increase is, however, slower than that
following from numerical calculations. Our interpretation is that for larger chirp
parameters the filtered areas become more broad and “shallow” (for a fixed length

of the sample) and generally they “collect” more noise due to the imperfections of
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6. CONTROL OF SPATIAL LIGHT SPECTRUM BY PHOTONIC CRYSTALS

the structure. We note, however, that the detailed analysis of the randomness of

structure requires separate analysis, and is beyond the scope of the present study.
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Fig. 6.5: Angular transmission profiles for varying chirp parameter C' for PhC sample
with N = 50 periods. (a) Numerical and (b) experimental results. Transverse wave
number k, is normalized to transverse wave number of refractive index modulation g,
in (a).

Next we calculate quantitative data of the filtering performance.We define filte-

ring performance by [ ATk ldk
B L)|dk

— J(ky)|dky

which has a meaning of depletion of energy normalized to the full energy. The integ-

F (6.1)

ration in (9) is performed over the Brillouin zone, i.e., on interval k; € [—q./2,q1/2].
For proper geometry, when precisely the wings from the angular spectra are filtered
out, the F' is a measure of relative narrowing of the angular spectrum.

Figure 6.6(a) summarizes the dependence of the filtering performance on the chirp
parameter. If the filtering in unchirped PhC structures of increasing length satura-
tes for short crystals (N=15 periods), then for chirped crystals the saturation begins
for longer crystals and results in higher filtering performance values, corresponding-
ly. Figure 6.6(b) shows the dependence of filtering on the length of the sample for
different chirp parameters C.

The above theoretical study is performed with the parameters corresponding to

fabricated structures: The values of the coupling were s = 0.05 which correspond
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Fig. 6.6: Numerical study of the filtering performance: (a) dependences of filtering
efficiency on chirp parameter for several crystals of different length (green plot for
N = 30, red for N = 40, blue for N = 50); (b) Dependences of filtering efficiency on
number of periods with different chirp parameters (black plot for C' = 0.0%; green for
C = 0.1%, red for C' = 0.2%, blue for C' = 0.3%, violet for C' = 0.4%).

to the maximum achievable coupling for structures imprinted in glass. We also
restricted to realistic length of the PhC, possible to write without large distortions,
which is approximately N = 60 periods. With the increasing length of the structure
the imperfections of fabrication, as well as the losses and scattering of the structure,
increase. However, even with these restrictions the filtering performance close to
approximately 50% has been experimentally demonstrated. Looking into perspective,
we analyzed the filtering performance of “hypothetical PhCs” with larger refraction
index modulation, i.e., with corresponding larger coupling parameters s than those
possible to obtain in reality for PhCs build in glasses. Examples of calculations for
longer and higher index contrast photonic structures are shown in Fig. 6.7. Both
calculated cases show that the filtering performance can reach the values of 80%,
and could result in decreasing of the beam divergence by factor of 3. The filtering
performance depending on parameters s, N, and C is summarized in Fig. 6.8. As
follows from Figs. 6.8(a) and 6.8(c) the chirp parameter C' has optimum values, which
depend on the coupling parameter s: stronger coupling results in shorter filtering

saturation length, therefore requires larger chirp for maximum filtering performances.
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The dependence of filtering performance on the length of PhC, as follows from Figs.

6.8(b) and 6.8(d), shows the monotonic increase with eventual saturation.
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Fig. 6.7: Numerically obtained field profiles for spatial filtering in chirped structures
with higher number of periods (a) and for higher refraction index contrast (b). The
parameters for (a): N = 120, s = 0.05, C' = 0.24%, d) = 7.44m; for (b): s = 0.1,
N =50, C = 0.53%, d| = 7.2m. The dashed line indicates angular profile of incident
beam.

Conclusions

In conclusion, we have theoretically calculated and experimentally proved the
effect of chirping of photonic crystal on the efficiency of spatial filtering. Our
theoretical-numerical analysis reproduces well the experimental observations and in-
terprets the observed effect as the spatial filtering in the gapless configuration. In
spite of relatively weak index modulation (small scattering by one row) a substantial
part of the radiation was shown to be filtered out. In order to obtain a technologi-
cally utile spatial filter the higher (but moderate) index contrast PhCs are necessary,
which are to be based on new materials and fabrication technologies. A technologi-
cally relevant spatial filtering, allowing us to improve the beam quality parameter by
the factor of 2-3, requires the refractive index modulation of order of approximately
An ~ 1072,

Finally we highlight the advantage of the method of filtering demonstrated in this
section. The main advantages (comparing with the conventional pinhole spatial filer)
are: (1) extremely small thickness (hundreds of microns) of the filter enabling the

integration of such a filter into micro-optical devices or into cavities of microlasers; (2)
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Fig. 6.8: The filtering efficiency, represented by isolines and by different colors, de-
pending on sets of parameters. (a), (¢) show dependencies on C and s; (b), (d) show
dependencies on N and s. Parameters: (a) N = 50, (¢) N = 120. (b) C = 0.3%, and
(d) ¢ =1%.

translational invariance of the PhC spatial filter (insensitivity to the lateral shift of
PhC structure) simplifying its utilization; and (3) possibility to combine (to add) the
filtering functionality to some other, already existing, functionalities (amplification,
nonlinearities) in bulk material, by additional modulation of refraction index of the

(amplifying or nonlinear) material.

6.2 Spatial filtering by axisymmetric photonic crystals

In section 6.1 the 1D spatial filtering was demonstrated, where 2D PhCs (with
the modulation in longitudinal and in one transverse direction) were fabricated. The
1D filtering can be useful in specific applications, where the beam is distorted along
only one transverse direction [see the illustration of 1D filtering in Fig. 6.9 (a, b)].
Most frequently, however, the 2D filtering is required in order to form axisymmet-
ric beams of a high spatial quality. Generally speaking this should be performed
by 3D PhC. The shape of the filtering window, however, depends strongly on the
geometry of the 3D crystal. In particular, in [80] the filtering by 3D PhC with squ-
are symmetry in transversal plane has been demonstrated, which results in a square

window of filtering, as shown in Fig. 6.9 (¢, d). It is natural to expect that the

48



6. CONTROL OF SPATIAL LIGHT SPECTRUM BY PHOTONIC CRYSTALS

axisymmetric filtering requires an axisymmetric shape of the PhC (Fig. 6.9 (e, f)).
A demonstration and analysis of such axisymmetric spatial filtering in axisymmetric
PhCs is the subject of this section. First we provide numerical integrations of the
light beam propagation through such a structure. Subsequently, based on the nume-
rical calculation results we fabricate the crystal by femtosecond pulse writing in a
bulk of glass and demonstrate the effect experimentally. In summary, among others,
the scaling laws are discussed, enabling extension of the obtained results to different
materials (different refractive index modulation amplitudes) and different practical
needs (different angular resolutions of spatial filtering).

The layers of the axisymmetric microstructures were designed to have 100 con-
centric circles with 2 um separation between the rings in a layer. In every second
layer the structure of rings was reciprocal; that is, the radii with refractive index
maxima correspond to radii with index minima in the next layer. We chose the lon-
gitudinal period to be =13.4 um. The chosen longitudinal period corresponds to a

central filtering angle of ~68 mrad, as follows from relation

sne) = 5 Q1) = 37 (Q = 1). (6.2)

where ¢, = 27/d is the transverse wavenumber of the index modulation, kg = 27/

2
is the wavenumber of electromagnetic wave, Q = 2/‘\%;1 is the geometry factor, and

n is the average refractive index. This equation indicates that the filtering angle
a depends, among others, on the longitudinal period of modulation (through the
parameter Q).

The experimentally recorded far field intensity distributions behind the axisym-
metric filter are shown in Fig. 6.10. We clearly observe the appearance of a dark
ring in the central part of the far field. For this particular geometry of photonic
structure the radius of dark ring was ~65 mrad, in correspondence with Eq. (6.2)
(69 mrad) derived in paraxial limit. The radiation from the dark ring is deflected
to the bright ring (radius 396 mrad) consistent with the theory of diffraction of 1D
grating. The increasing number of longitudinal periods of the structure leads to a
more pronounced dark ring; that is, more energy is filtered to the outer bright ring.

Finally we performed a systematic study of the efficiency of the spatial filtering,
depending on the crystal length (on the number of longitudinal periods). We esti-
mated the width and depth of the filtering line and plotted its dependence on the
crystal length in Fig. 6.11. As the profiles of the dark rings generally have irregu-
lar shape, the width of filtered rings was calculated as the distance between 10%

and 90% intensity levels in integrated angular spectrum, using the well-established
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Fig. 6.9: (a), (c¢), and (e) Geometries of the photonic structures; and (b), (d), and
(f) their far field distributions obtained by numerical calculations. (a) and (b) 2D case
as considered in [10]; (c) and (d) square symmetry case in transverse plane case as
considered in [9]; (e) and (f) spatial filtering in axisymmetric structures as considered
in this Letter. The inset in (f) shows 5 times enhanced field intensity for visualization
of the outer ring. The parameters for simulations are given in the main text.

knife edge method. We performed numerical calculations not only for the values
corresponding to the fabricated structure s = 0,15 but also for smaller s = 0,05 and
for larger s = 0,25 coupling coefficients, corresponding to the different amplitudes of
index modulation.

According to Fig. 6.11, an optimum crystal length exists for a given amplitude
of the refractive index modulation. The angular range of filtering decreases and the
depth increases with increasing length of the structure, and the maximally narrow
line is obtained, corresponding to nearly 100% filtering at the center of the angular
filtering range. For longer structure the filtering line splits due to the back scattering
(from outer (bright) ring to inner (dark) ring), typical of the gapless configuration
and similar to 1D gapless filtering in the previous section.

The numerical analysis for the different amplitudes of refractive index modulation
shows the perspective of the filtering for the PhC fabricated from crystals with the
larger and smaller index contrast. In fact the simple analysis leads to the following

scaling relations: the near 100% filtering is obtained under the condition s -+ N ~ 1.5,
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200 mrad

200 mrad

8 periods 6 periods

12 periods

Fig. 6.10: Experimentally recorded far field distributions behind the axisymmetric
structure for N =6, 8, and 12 longitudinal periods of the structure. (a), (c), and (e)
show the large scale distributions; and (b), (d), and (f) show the small scale distributions
together with their vertical cross sections through the axis of the beam. The radii of
dark inner and light outer circles are 65 and 396 mrad, respectively. The insets in (b),
(d), and (f) show 5 times enhanced field intensity for visualization of the bright

or equivalently An - [~ 1.5, where [ = d| - N is the length of the structure and N is
the number of longitudinal periods. The optimum width of the filtering line (which
occurs at nearly 100% filtering at s -+ N = 1.5) scales as ¢ ~ An.

Conclusions

In conclusion, we have theoretically calculated and experimentally proved the
axisymmetric spatial filtering in axisymmetric photonic microstructures (analogs of
PhCs). Our theoretical-numerical analysis is in good correspondence with experi-
mental observations.

Despite the fact that the refractive index modulation of the structure was relati-
vely low, a substantial part of the radiation was filtered out. The angular range of

the filtering line was around 25 mrad. This means that the spatial filters based on
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Fig. 6.11: (a) Numerically calculated width and (b) depth of the angular filtering
range, depending on the length of the structure for three different s parameter values:
0.05, 0.15, and 0.25. The data from experimental measurements are shown by points
with error bars. The red solid line corresponds to experimental values of s.

the fabricated structure could be used to substantially improve the spatial quality of

the beams of around 50 mrad divergence.

The scaling discussed above suggests the materials and conditions for spatial
filtering for different needs. In particular, to improve the spatial quality of beams
in solid-state lasers, where the typical divergence is several mrads, the amplitude
of refractive index must be on the order of 1073. The structures, however, must be
relatively long (IV &80 periods) to provide the near 100% filtering. On the contrary, to
improve the beam structure of semiconductor microlasers with typical divergence of
the beams of approximately >100 mrad, the amplitude of refractive index modulations
must be on the order of An = 0,1. The latter is hardly possible using inorganic glasses

but presumably can be done in polymers [81] or dichromated gelatin films [82, 83].

Finally, we comment on the advantages of the method of spatial filtering shown
in this section (compared with the conventional spatial filter with confocal arran-
gement of lenses): (1) the extremely small thickness (hundreds of microns), which
enables integration of such a filter into micro-optical devices or into cavities of mic-
rolasers; and (2) the possibility of combining (adding) the filtering functionality to
other functionalities (amplification, nonlinearities) in bulk material, by additional
modulation of the refractive index of the (amplifying or nonlinear) material. One

more advantage of 1D spatial filters, which is the translational invariance of the PhC
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spatial filter (insensitivity to the lateral shift of PhC structure), is, however, lost in

2D axisymmetric spatial filters due to the presence of the optical axis.

6.3 Supercollimation effect in axisymmetric photonic crystals

It is known that Photonic Crystals (PhCs) can display exotic wave propagation
properties such as anomalous refraction and diffraction of Bloch modes [44, 46]. Flat
PhC lensing is perhaps a best known realisation of anomalous diffraction/refraction,
which has been recently demonstrated in conventional [45] and sub-wavelength [65]
resolution. The wave propagation principles in flat PhC lensing are similar to those
in metamaterials with negative refraction [12, 84|. These flat lensing effects [45, 65],
also flat mirror focusing effects [85, 86|, are the near field phenomena, as the flat,
transversally invariant PhC lenses and mirrors do not affect the far field distributions
of the transmitted radiation. The beam manipulation with PhCs in the far field
domain get less attention: perhaps the only known effect of PhC action on the
spatial frequency spectrum is a spatial (angular) filtering of the beams due to the
angular band-gaps [14, 76, 80].

In spatial filtering, a range of the angular components of a beam can be removed
due to the angular band-gaps, i.e., the waves can be reflected in backward direction
[14, 76] or deflected at large angles in forward direction [15]. In the latter case, the
angular distribution of the transmitted field is modified as illustrated in Fig. 6.12(a).
Some angular components of transmitted field can be attenuated (see the formation
of dips in Fig. 6.12(a), however, obviously, no angular components can be amplified.

In this section an unexpected phenomenon observed in axisymmetric PhCs is
reported, where the on- or around-axis field components are strongly amplified. The
structure which we consider consists of the periodic planes of concentric rings, as
illustrated in Fig. 6.12(b). The axisymmetric deflection of the angular components
is possible, resulting in axisymmetric angular filtering, similarly to the spatial filtering
in conventional periodic PhCs. However, unexpectedly, near-axis field components of
transmitted radiation were observed to increase strongly, and an intense bright peak
was observed in the far field of the transmitted radiation, as shown in Fig. 6.12(b).
This, as discussed in detail further on, occurs for a precise matching between the
longitudinal and transverse periods of the axisymmetric PhC. This enhancement
of the field in the central area of the far field distribution, as detailed below, was
measured experimentally up to 7 times in terms of intensity. The output of the
experiment was a well collimated beam, with the divergence of approximately 20

mrad. The report and interpretation of the effect are the main message of this
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Fig. 6.12: Tllustration of the spatial filtering in: (a) periodic two-dimensional PhC
(periodic array of parallel rods) and (b) and in axisymmetric PhC. Dashed lines indicate
the far field profile without the structure. Arrows indicate diffractive scattering of the
field components in forward direction (angular filtering), and in backward direction.

section.

Before moving to the details, we note that the phenomenon is possible only in the
case of axisymmetric PhCs. No enhancement in far field can be achieved in purely
periodic conventional PhCs, two-dimensional or three-dimensional, what follows from
experimental and numerical studies, and also from plane-wave expansion analysis.
This means that Bloch modes propagating in different directions (corresponding to
different angular components) are uncoupled in conventional PhCs. The effect is

based on a diffusive mixing of different radial wave-components in axisymmetric

PhCs.

The layers of the axisymmetric microstructures were designed to contain 30 con-
centric circles at 2 um increment of radii of rings in a layer. In every second layer,
the structure of rings is reciprocal, i.e., the radii with refractive index maxima corre-
spond to radii with index minima in the next layer (next longitudinal half-period).
The longitudinal period of the structure was calculated according to Eq. (6.2). In
order to achieve optimum super-collimation effect, we work in the range of small
filtering angles (a & 0); therefore, the longitudinal period according to Eq. (6.2) was
varied around the value d| =19 um for the 633 nm wavelength of HeNe laser.

The key experimental observation results are summarized in Fig. 6.13. The laser
beam was focused just in front of the PhC sample with a 0.3 NA objective. The
beam half- width at waist was 2 um, which corresponded to angular divergence of
180 mrad. We recorded the far field profiles of the beam by CCD camera positioned
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at approximately 10 mm distance behind the sample. Figs. 6.13(a) and 6.13(b)
show the far field distributions (together with their axial cross-sections taken at
each 45° angle) at optimum geometry for the super-collimation. The far-fields at
different propagation lengths (different lengths of the structure in experiments) show
the formation of the super-collimated beam. For comparison, the beam propagation
in PhC with a geometry designed for spatial filtering (Fig. 6.13(c)) shows no super-
collimation effects (for the identical fabrication conditions of the structure, except
for the different longitudinal periods, i.e., different geometry parameters and lower
number of periods N = 12). The latter distribution shows spatial filtering, similarly

to that reported in previous section for this geometry, but no super-collimation.

Intensity (a.u.)

200 100 0 100 200
Angle (mrad)

Intensity (a.u.)

200 -100 0 100 200
Angle (mrad)

200 100 0 100 200
Angle (mrad)

Fig. 6.13: The 2D far field intensity profiles together with their axial (vertical, ho-
rizontal, and both diagonal) cross-sections for the parameters corresponding to super-
collimation (a) and (b), and deviated from the self-collimation regime (c). (a) and (b)
contains N = 20 periods of dj = 20.4 um and dj = 18.1 pm, respectively, and (c) has
N =12 periods of dj = 13.7 um.
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The detailed mechanism for super-collimation remains unclear. Evident is that
the effect is related with axisymmetric diffusion in far field domain, i.e., with inter-
mixing of different radial field components, as also schematically illustrated in Fig.
6.12.

Let us consider first the perfectly periodic PhC, with transverse period d; (¢, =
2m/dy), see Fig. 6.12(a). Then the arbitrary plane wave component with transverse
ki (k§ = K + k:ﬁ) can be scattered into k; + ¢ m (m = £1,4£2,...). The set of

coupled plane waves with given &, builds the Bloch mode propagating invariantly

along the modulated structure. Important is that different Bloch modes (the ones
with different &, ’s), being orthogonal, do not couple in between in propagation, i.e.,
propagate independently one from another. The character of the Bloch mode depends
also on the longitudinal period: at the resonance condition, the coupling between the
plane wave components building the Bloch mode is strong, so the angular filtering is
obtained for particular range of k£, (the angular range). In this way, different angular
field components do not mix, i.e., the excitations do not diffuse across the angular
spectrum in periodic structures. In axisymmetric structures, however, the backward
diffraction does not bring the radiation back to initial £, but, to a particular range

of k| + Ak, which results in a kind of diffusion in far field domain.

(b)
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Fig. 6.14: Comparison of the spatial filtering in conventional 2D PhC, and in axisym-
metric PhC. The far field angular distributions (blue solid lines) at indicated propaga-
ted distances N (in periods), as well as the 2D maps attribute to (a) 2D PhC and (b)
axisymmetric PhC. Dashed lines represent the far field intensity profiles of the unity

normalized Gaussian input beam.

This interpretation has been checked by a series of numerical calculations. The

coupling coefficient of one layer was estimated from the above expression s =~ 0.15,
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which means that approximately ~2 % of radiation energy is deflected by each la-
yer. This estimation was checked a posteriori comparing the experimental results
with the results of numerical analysis with varied coupling coefficient s. The above
interpretation of the super-collimation is supported by numerical calculations of the
beam propagation along the structure, presented in Fig. 6.14. On the left side, the
wave propagation along the 2D PhC is shown proving the well-established theory
that the Bloch modes do not couple. The dips appear according to the angular fil-
tering theory at the optimum propagation distance, and are afterwards filled back
due to back-scattering for longer than optimum propagation distance. On the right
side of Fig. 6.14, for axisymmetric structures, the initial formation of the dip (the
forward scattering) is similar to that in conventional 2D PhCs. The back-scattering
process, however, results in a kind of diffusion, i.e., the mixing of the angular wave-
components, and eventually to the formation of the super-collimation.

The effect of super-collimation, as can be expected, depends strongly on the geo-
metric parameters. Fig. 6.15 summarizes that dependence: the maximum-intensity
of the super-collimated beam has been plotted in 2D parameter space of (geometry
parameter ), length in periods N). The area of optimum super-collimation is clearly
seen at around @) ~ 1. In fact, this area is split into two, one for @ < 1 and one
for @ > 1. The experimental results in Fig. 6.13 are obtained for the parameters
approximately corresponding to these two peaks. Note that the numerical map was
calculated for a fixed s and for fixed width of the beam. From the study also follows
that the length of the structure has an optimum. Longer than optimal structures do

not improve, but rather diminish the super-collimation.

Conclusions

In conclusion, we have predicted and experimentally demonstrated the super-
collimation effect in axisymmetric photonic structures. We interpret the effect in
terms of radial diffusion of the radiation in the far field domain, during the forward-
backward diffractive scattering cascade. In our experiments, the maximum enhance-
ment of the intensity of around 7 times was recorded, and the angular distribution
of super-collimated beam of around 20 mrad was observed. In the numerical studies,
we observed even larger >20 times enhancement of the intensity, where around 30%
of energy was within the super-collimated beam. The experimental deviation from
numerical results is most likely caused by spherical aberrations during fabrication
process, which decreased the quality of our rather long (~350 um height) structures.

Such aberrations could, in principle, be compensated with spatial light modulator
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Fig. 6.15: Map of on-axis intensity enhancement in the parameter plane of (Q, N),
showing the optimum geometry and the optimum length (in periods) of the structure.

(87, 88] or other techniques. We note that the effect of super-collimation weakly de-
pends on the position of focusing in front (or behind) the crystal. The position could
be changed by ~ +0.5 mm without a substantial influence on super-collimation. In
usual (or in Fresnel) lensing, the divergence of the collimated beam would be very
sensitive to the position of the focus (of source) along the axis. Finally, we note that
the demonstrated effect could be well utilized outside the optics, in other fields of wa-
ve dynamics. Recently, the spatial filtering has been shown for acoustic beams|78, 79|
— the idea we promote might be well utilized for the formation of super-collimated

beams in acoustics too.
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