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Abstract

This dissertation deals with the fabrication of various polymer-based photonic structures
(PSs) and their applications in nonlinear optics. In the first part, we have demonstrated
the fabrication of desired PSs by interference lithography technique. The two-beam in-
terference method is theoretically and experimentally demonstrated as a best choice for
fabrication of all kinds of PSs with large and uniform area. Desired 1D, 2D, and 3D,
periodic and quasi-periodic PSs are successfully fabricated on SU8 photoresist. We also
demonstrated a way to overcome the material’s absorption effect, which imposes a limita-
tion of PSs thickness. By adding one more exposure of a uniform laser beam in opposite
direction of two interfering beams, the fabricated PSs became more uniform and their
thickness increased to 25 um. A tentative of using low one-photon absorption technique
was also realized showing the possibility to obtain a PS with a thickness upto 600 pm.
Furthermore, by using the interference technique combined with mass transport effect,
we have demonstrated the fabrication of desired surface relief grating structures, with a
controllable depth, on passive polymer (SU8) and active polymer (DR1/PMMA). In the
second part, we applied these fabricated structures for enhancement of nonlinearity of
polymer materials by two different ways: quasi-phase-matching (QPM) and waveguide
resonance grating (WRG). Both theoretical calculation and experimental realization of
these techniques have been investigated. The QPM structures allowed to overcome the
phase mismatch of fundamental and harmonic waves, thus increasing the conversion effi-
ciency. The second-harmonic generation (SHG), one of the most important applications
of frequency conversion, is significantly enhanced thanks to the QPM condition. Another
method basing on the WRG structures allowed to increase the intensity of fundamental

wave, thus enhancing the SHG signal by a factor of 25.
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Résumé

Ce travail porte sur la fabrication des structures photoniques (SPs) a base de polymeéres et
leurs applications en optique non-linéaire. Dans la premiére partie, nous avons démontré la
fabrication des SPs souhaitées par la méthode d’interférence. En particulier, I'interférence
de deux faisceaux laser avec une exposition multiple est démontrée théoriquement et
expérimentalement comme un meilleur choix pour la fabrication des structures souhaitées,
qui sont uniformes et de grande taille. Diverses structures a 1D, 2D, et 3D, périodiques et
quasi-périodiques sont fabriquées avec succeés dans la résine SUS. Nous avons également
démontré un moyen pour surmonter ’effet d’absorption de la photorésine, qui impose une
limitation de ’épaisseur des structures, en ajoutant un faisceau laser uniforme en sens
opposé par rapport & deux faisceaux d’interférence. Les SPs fabriquées deviennent plus
uniformes et leur épaisseur augmente jusqu’a 25 pum. Une autre approche utilisant la
méthode d’absorption ultra-faible & un photon a également été mise en oevre montrant la
possibilité d’obtenir des SPs avec une épaisseur jusqu’a 600 pum. De plus, en utilisant la
technique d’interférence et 'effet de transport de masse, nous avons également démontré la
fabrication des structures a relief de surface (SRG), avec une profondeur controlable, dans
des polymeéres passives (SU8) et des polymeéres actives (DR1/PMMA). Dans la deuxiéme
partie, nous avons utilisé ces structures pour 'amélioration de la génération de seconde
harmonique des matériaux polymeéres par deux maniéres différentes: quasi-accord de phase
(QPM) et mode de résonance de guide d’onde (WRG). Les structures de QPM permet de
surmonter le déphasage entre les ondes fondamentale et harmonique, et par conséquence
augmente le rendement du taux de conversion. En outre, les structures de guide d’onde
avec une surface modulée (WRG) ont également été démontrées comme une excellente

méthode permettant d’amplifier le signal de SHG par un facteur de 25.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Photonic structures

Photonic structures exist widely in the natural world. Some insects and birds display
beautiful colors that don’t come from pigmentation, but due to photonic structures, for
example, in Morpho butterfly, there exists discrete multilayers of cuticle and air on their
wings. Incident light reflects repeatedly at successive layers, leading to interference effect
and thus forming iridescent blue color [1].

Differ from Morpho butterfly, the moth eyes consists of a hexagonal lattice of bumps
in nanoscale. This structure allows moth’s eyes reflecting very little light at night and
therefore not only increases moth’s sense of sight but also decreases their detection by noc-
turnal predators [2]. Figure 1.1(a) shows eyes of a moth and Figure 1.1(b) magnifies them
by a scanning electron microscope. The natural photonic structures appear not only in
animals but also in plants. In flora, photonic structures are developed to manipulate light
on the wavelength scale and produce iridescent and striking colors in leaves, flowers and
fruits. For example, pietsnot flower creates regular striations on the petal surface. They
have a role as a diffraction gratings (or one-dimensional photonic structure) and cause
of the iridescent colours of pietsnot, as illustrated in Figures 1.1(c) and (d). Creating
iridescent and striking colors also increase the chance of pollination of flower species and
seed dispersal of many fruits. Besides, natural gemstones with iridescent colors, shown
in Figures 1.1(e) and (f), also are photonic structures [6]. By observing and imitating

nature, many kinds of photonic structures have been proposed and theoretically and ex-



1.1. Photonic structures

Figure 1.1: Photonic structures in nature. (a) eyes of a moth [2|. (b) SEM image of the
moth eye [3], which is constituted by an array of hexagonal pattern of pumps. Each tiny
bumps is only 200 to 300 nanometers in height. This structure enable a moth’s eye to
trap light at different angles. (c) and (d) represent the petal and its SEM image [1]. The
iridescent color of the petal is produced by regular striation structure that plays a role as
a diffraction grating. (e) and (f) illustrate a gemstone and SEM image obtained from its
surface [5]. There are layers, which are arranged hexagonally and can be packed either as

a face-centered cubic sequence or a hexagonal close packed sequence.



Chapter 1. Introduction

perimentally studied, which offer many interesting applications, such as second-harmonic

gereration as it will be demonstrated in this thesis.

1.1.1 Photonic crystals (PCs)

Photonic crystals (PCs) are artificial optical structures in which the refractive index is
modulated periodically in one-dimensional (1D), two-dimensional (2D) and three-dimensional
(3D), as illustrated in Figure 1.2, by which photons can be manipulated and controlled.

Although PC structures exist in nature million years ago but human only knew them a
century ago as Bragg mirror [7]. In particular, in 1987 Eli Yablonovitch and Sajeev John
[%, 9] published two independent papers, which allowed us to understand the natural pho-
tonic structures and to fabricate unusual PCs with new optical properties. Yablonovitch
proposed that 3D periodic structures could exhibit an electromagnetic bandgap - a range
of frequencies at which light can not propagate through structure in any direction. While
John showed that if the refractive index contrast of PC structure is sufficiently large,
strong light localization can occur, in analogy to the electronic bandgap of semiconduc-
tor. Since then PCs have received much attentions owing to the existence of photonic
band gap (PBG) and to their unique optical properties. These optical properties depend
on periodicity, geometry, refractive index contrast and filling factor of the photonic struc-
ture. For example, the width of PBG depends on the refractive index contrast between
the high and low refractive indices. The contrast is higher, the width of PBG is wider.
The complete PBG also depends strongly on the topology of PC structure, but it’s diffi-
cult to get a structure with such a complete gap. It only exists in 3D PCs and some kinds
of 2D PCs, for example, 2D triangular lattice [10] and hexagonal (honeycomb) structure
[11], etc.

Due to the existence of PBG, PC can provide ability to control, bend, trap, reflect
and extract the light, which are useful in many applications. A classical application of 1D
PC is high quality mirrors. The strong reflection for a certain frequency band of 1D PC
was also widely applied, for instance, antireflection coatings, distributed feedback lasers
or filters [12—11]. The use of 2D PCs allows to realize many interesting applications, such
as: waveguides, fiber, microcavities, light source, optical switching, detectors [15—19]. In

particular, 3D PCs are very attractive due to their potential in full confinement of photons



1.1. Photonic structures

(b) ()

Figure 1.2: Photonic crystal in (a) one-dimensional, (b) two-dimesional, and (c) three-

A: period of )((1)

dimensional. The modulation of refractive index (represented by xfj) and XS)) was pre-

sented by different colors. A is called the period of the artificial structures.

and their possibility to control their interaction with materials through complete PBG
[20, 21]. However, because of challenging on fabrication of desired 3D structures, there
are some restrictions in applications of 3D PCs.

Indeed, while the periodicity arrangement of atoms occurs naturally in semiconductors,
PCs need to be fabricated artificially. The properties and the functional spectra range of
PCs are determined by their lattice constant. For example, a PC working in the optical
range of visible spectrum will possess a period on the order of submicrometer, while PC
designed for microwaves has a period at centimeter scale, and PC using in X-rays range
should possess a period at several angstroms. So, depending on the working spectra range,

the period of PC structure should be chosen appropriately.

1.1.1.1 Photonic band gap (PBG)

In general, the physical nature of the PBG is based on the interference of light. For
the frequencies inside the band gap, forward- and backward-propagating components can
interfere destructively inside the structure, leading to a complete reflection. Usually, the
periodicity of PC structure has the same length-scale as half of the PBG wavelengths.
For example, a PC operating in the visible spectrum should have a period in the interval
from 200 nm to 350 nm. Figure 1.3(a) shows the band modes of an uniform material

(GaAs). As soon as ni/ny # 1 (we knew that refractive index is related to dielectric

4
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GaAs Bulk GaAs/GaAlAs Multilayer GaAs/Air Multilayer
0.30
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0.25 0.25 0.25 |— —
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o
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0.00 | | 0.00 ‘ | 0.00
05 025 0 025 05 05 025 0 025 05 05 -025 0 D025 05
Wave vector ka/2n Wave vector ka/2n Wave vector ka/2n
(a) (b) (c)

Figure 1.3: Photonic band structure of 1D PC. (a) Homogeneous medium of GaAs bulk
(e = 13). (b) GaAs/GaAlAs multi-layers with €; = 13 and g2 = 12. (c¢) GaAs/Air

multi-layers alternate between ¢; = 13 and ey = 1 [22].

and permeability constants, n = /zu), PBG appears as depicted in Figure 1.3(b) and
become wider with a large difference of the dielectric constants between alternate layers
as in Figure 1.3(c). Note that 1D structure mostly reflects light in one dimension. It is

thus applied for high efficiency mirrors, optical filters ans Bragg grating.

In contrast, 2D PCs, which are modulated along two axes and homogeneous in the
third one, can reflect light from any direction in a plane, i.e., in two dimensions. It is
therefore applied widely for LED [23, 2], low threshold lasers |25, 26|, etc. Besides, 2D
PCs also attracted much investigation because they could be made with defects, such as
cavities or waveguides by changing or removing a single pillar or a line of pillars. These

structures can be integrated into optoelectronic devices for various applications [27-30)].

In particular, 3D PC structures allow to achieve a complete PBG, i.e. the light is
forbidden in all dimensions. These structures are very interesting for numerous applica-
tions (lasers, nonlinear optics, etc) and very rich in optical properties, which can not be
obtained with other bulk materials. Thanks to the improvement in fabrication techniques

and materials processing, many lattice geometries with small scale of 3D PCs structures
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1D - QPM 2D - QPM
(a)

4l

«—>'

A: period of Z(Z) ' : +Z(2)
Z(l) is constant. ﬂ : _Z(Z)

Figure 1.4: QPM structures in (a) one-dimensional, (b) two-dimensional and (c) three-
dimensional. The second-order of susceptibility is modulated while the first-order one
remains constant. Thus, they do not possess PBG. The nonlinear properties depend only

on the configuration of Y coefficient.

have been reported [31-33]. Nevertheless, fabricating desired 3D PCs still remains as a

big challenge, specially for 3D structures working in visible range.

1.1.2 Quasi-phase matching (QPM) structures

In fact, all materials show a nonlinear respond when they are exposed to high enough light
intensity. The nonlinear optics effect was first demonstrated by Franken and coworkers
[34] just after the invention of the laser in 1960. Nonlinear optics can produce many
exotic effects such as frequency conversion, generation of new light source, and optical
imaging, etc. The mismatching between the interacting waves propagating inside the
nonlinear materials, which originates from material dispersion, is a problem of nonlinear
optics. Various techniques have been proposed for optimizing phase matching such as
birefringence, quasi-phase matching, modal phase matching, and abnormal dispersion of
PCs. Among of them, quasi-phase matching (QPM) technique is a very attractive way for
obtaining good phase matching and allowing high efficiency frequency conversion process
[35]. In QPM technique, the phase velocity dispersion was compensated by a periodic
modulation of the second-order susceptibility, x(?, while the linear susceptibility, x(!), of
the nonlinear material remains constant. Similar to PC, the second-order susceptibility in

these structures are modulated in one (1D), two (2D) or three-dimensions (3D), as shown

6



Chapter 1. Introduction

in Figure 1.4. In this figure, A is the lattice constant of QPM structures, which is in the
order of several micrometers, much larger than the wavelength of interaction light.

QPM technique has been widely studied in nonlinear optics to enhance nonlinear wave
interactions since the first proposed by Armstrong [36] and Franken [37]| independently.
Originally, QPM was studied in 1D geometry (Figure 1.4(a)), which consists of reversing
the sign of the second-order nonlinear susceptibility of the material every coherence length
(I.). However, 1D structure is limited in matching only a single fundamental wavelength
and for only one direction [35]. The extension to 2D and 3D QPM structures in which the
second-order susceptibility are modulated in two- and three directions (Figure 1.4(b) and
(c)), allows phase-matched in multiple directions, and for multiple wavelengths. These
structure are therefore useful for non-collinear second harmonic generation, for simulta-
neous wavelength interchanges, for third and forth harmonic generation, etc. This first
2D QPM structure was proposed by Berger [35] in 1998. Since then, it became more
attractive with many studies in both theoretical [39, 10| and experimental [11-13] as-
pects. Nevertheless, till now the fabrication and characterization of 2D QPM structure
remains an open subject. Specially, 3D QPM structure, which provides abundant phase
matching directions, still limited to theoretical calculations |11, 15] due to the difficulty

in fabrication.

1.1.3 Nonlinear photonic crystals (NLPC)

In recent years, many structures were proposed to compensate for the phase mismatch
in nonlinear optical interaction processes. However, the increase of nonlinear conversion
efficiency is still a long-standing goal in nonlinear optics. The development of PC brings
not only abundant applications in linear optics but also a method to enhance the nonlin-
ear conversion efficiency. There are several ways to use PCs for enhancement of nonlinear
optics effect. Many investigations are focused on using photonic band gap edge (PBGE)
of PC [416—48], in which frequency of the fundamental wave is fixed near the edge of PBG.
Alternatively, it is possible to use a PC with defect mode [19-51] where electromagnetic
field is strongly localized around it thus enhancing the nonlinear conversion. The most
easy way is to realize PC structures in a nonlinear material, resulting in a so called the

nonlinear photonic crystal (NLPC). In this structure, the linear and nonlinear suscepti-

7
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1D - NLPC 2D - NLPC

W27

- 2 .0
2

D A 4

Both Z(l) and 1(2) are modulated

Figure 1.5: Nonlinear photonic crystal in (a) one-dimensional, (b) two-dimesional, and (c)
three-dimensional. The modulation takes place with both the first- and the second-order

susceptibilities.

bility are both periodically modulated in 1D, 2D or 3D as illustrated in Figure 1.5.
Although, the NLPC is very interesting for nonlinear optics, the use of these structures

is still limited due to the fabrication technology.

1.1.4 Surface relief gratings (SRG)

Normally, the modulation of optical parameters of above mentioned photonic structures
attains the entire thickness of the material. But there exists one kind of photonic structure,
called surface relief grating (SRG) in which the periodical modulation of the material
occurs only on the surface. The groove of grating can have sinusoidal, square-wave,
triangular, or sawtooth shapes, etc. Similar to other photonic structures, SRGs have
different geometries in 1D, 2D and 3D as illustrated in Figure 1.6, with sinusoidally
modulated surface shapes. Note that SRG-based 3D structures have not been fabricated
yet. Besides, the PCs require a large contrast of refractive index (nj/ny > 1) in order
to possess a PBG, but SRGs can be simply realized in a material of low refractive index,
such as polymers [52-51]. SRGs have great attention due to their various applications in
quantum electronics such as distributed-feedback laser (DFB) [55-59], waveguide couplers

[60], optical filters, etc. They are also easy associated in integrated optics as waveguide

8



Chapter 1. Introduction

(@) (b) (c)

Figure 1.6: Surface relief grating in (a) 1D, (b) 2D, and (c) 3D. Till now, 3D SRG remains
as a challenge of fabrication technologies. The modulation of ) and x® only occurs in

surface.

resonant grating to enhance nonlinear signals [61, (2].

1.2 Polymer-based photonic structures

To possess a full bandgap, PCs are usually made of high refractive index materials such
as semiconductor, inorganic materials, which require complex and expensive fabrication
technique. While, polymer-based PC do not possess a complete PBG because of the
low refractive index contrast, but it could be used in many applications due to simple
fabrication, low processing cost, and easy functionalization [63-65]. Besides, it easy to
tune their optical properties by optical or electrical way. These polymer structures can
be also used as templates to obtain structures with high-index material, which possesses

a complete PBG.

Polymers are substances made of recurring structural units, which is called a monomer.
Each polymer has very distinct characteristics but most polymers have some general
attributes such as: polymer can be both thermal and electrical insulators, polymers can
be processed in various ways, in particular by optical lithography. Polymers possess useful
optical properties such as photoluminescence and nonlinear optics. We distinguish passive

and active polymers, which are both used for fabrication of photonic structures.



1.2.  Polymer-based photonic structures
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Figure 1.7: Positive and negative photoresists in lithography process.

1.2.1 Passive polymers: SU8 photoresist

Photoresist material is one kind of polymer compound, a typical representative of passive
polymers, whose chemical properties change when exposed to ultraviolet light. Photore-
sists are used widely in the manufacture of microelectronics, microelectromechanical sys-
tems (MEMS) and nanoelectromechanical systems (NEMS), etc. Photoresists are divided
into two types: positive and negative tones. For positive resists, the chemical structure at
the exposed region is changed and become more soluble in the developer solution. Neg-
ative resists have the opposite behavior. The exposed region becomes polymerized and
more difficult to dissolve. The developer solution removes only the unexposed portions.
Figure 1.7 shows the different responses of positive and negative tones after applying
lithography process. Each kind of photoresist has own characteristics appropriate for dif-
ferent applications. Negative photoresist seems to be widely used because it provides a
good adhesion and tougher films. It is also not sensitive to over developing. SUS is a kind

of negative photoresist, which when exposed to light becomes insoluble to the developer
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and the unexposed portion can be dissolved by the developer. Because of high aspect
ratio and potential for ultra-thick, SUS, initially, was designed for use in the manufacture
of printed circuit boards in MEMS applications by IBM company in 1989. Until 1996,
SUS8 commercial products was introduced for the first time by MicroChem company. As

other photoresists, SU8 consists of three components:

e Resin, "plastic-like" or "glue-like" compound is solid in undiluted state. A single
SUS8 molecule contains eight epoxy resin groups (EPON SUS resin, Shell Chemical),
as shown in Fig. 1.8. The number "8" in the SU8 means the eight epoxy groups.

e Sensitizer, a kind of photoacid generator (PAG) compound. PAG acts to inhibit
(in negative tone) or promote (in positive tone) the dissolution of the resin in the

developer. For SUS it is taken from the family of the triarylium-sulfonium salts.

e Solvent dissolves the resin and keeps the resist in liquid state is gamma-butyrolactone
(C4HgO2) compound. However, in SU8-2000 series resists, which are widely used re-
cently, cyclopentanone (C5HgO) compound is used instead of gamma-butyrolactone.
This changing has improved coating and adhesion properties and faster processing
time. The quantity of the solvent determines the viscosity and thereby the range
of available thickness. For SUS8-2000 series, the film thickness is between several

hundreds nanometer to 300 pm [66].

The SU8 monomer has low molecular weight so it dissolves easily in solvents and
provides a high contrast, high aspect ratio and easily in fabrication. The absorption of
SUS is very low and SUS films become optically transparent for wavelengths above 400 nm.
This is very useful for many optical applications such as waveguides, gratings, PC. The
polymerization of SU8 based on cationic photo-polymerization mechanism. When SUS is
exposed to light, the PAG decomposes and generates a strong acid (Lewis acid). This acid
acts as a catalyst to ring-open and subsequent cross-linking of the epoxy groups creating
a stable three-dimensional network. After this process, SU8 exhibit high mechanical
strength and thermal stability. This SU8 photoresist will be used throughout experiments
of this thesis.

11
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Figure 1.8: The chemical structure of a SU8 molecule with eight epoxy groups

O

1.2.2 Active polymers: DR1/PMMA azopolymer

Active polymers are also called intelligent polymers. They respond to external stimuli such
as an electric field, mechanical energy or light by changing shape or size. Due to these
advantages, they have been known and studied for several decades |67, (8]. There are
many types of active polymers with different controllable properties depending on the ex-
ternal stimuli. One of them is azopolymer, which includes polymer functionalized with an
azobenzene chromophore group. This kind of polymer has various applications as optical
storage, integrated optical devices and specially significant applications in nonlinear op-
tics based on photoisomerization of azobenzene group [53, 69, 70]. When illuminated with
a polarized light of appropriate wavelength, the azobenzene groups undergo a reversible
trans => cis = lrans isomerization process resulting in an associated orientational
redistribution of the chromophores.

In this thesis, the azpolymer DR1/PMMA (polymethylmethacrylate-co-disperse red 1
methacrylate) was used to inscribe the photonic structures. The chemical structure of the
commercial copolymer DR1/PMMA is shown in Figure 1.9(a). The DR1 azobenzen group
has two isomers trans (T') and cis (C'). The cis configuration is less stable than the trans

configuration. So, DR1 molecules mostly exist in trans-form at the ambient temperature.
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Figure 1.9: (a) A copolymer molecule consists of polymethylmethacrylate (PMMA) and
disperse red 1 methacrylate (DR1). (b) State model of azobenzene DR1 molecule. Ab-
sorbing the light in the ¢trans absorption range (v), the DR1 molecule will convert from
trans-form to cis-form. The back conversion is occurred when DR1 molecule absorbs the

light in the cis absorption band (¢/) or via thermal relaxation.

Under the excitation of the light in the trans absorption range, the azobenzene will
convert, with high efficiency, into the cis-form. The back conversion, from cis-form to
trans-form, takes place when DR1 molecule absorbs the light in the cis absorption band
or via thermal back relaxation, as illustrated in Figure 1.9(b). The trans-form <= cis-
form photoisomerization process causes rotation motions of DR1/PMMA molecules and
leads consequently to their potential applications in photonics |71, 72|, optical storage

[73] and holographic optical elements.
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1.3 Fabrication techniques of photonic structures

The first PCs were fabricated in millimeter scale by simple drill technique [74] and their
PBGs are located in microwave regions. Until 1996, Krauss demonstrated for the first
time a 2D PC operating at optical wavelength [75]. Since then, there were numerous
important applications of PCs working in visible and near-IR regions. This leads to
various developments of practical fabrication technologies, also called micro-fabrication.
Phase mask lithography has been used very soon for fabrication of 1D PCs [76]. Then it
was associated with other techniques for creation of 2D and 3D PCs [77]. Till now, many
fabrication techniques are developed together with development of materials science. For
instance, PCs based on semiconductor materials require complex and more expensive
methods, such as a combination of e-beam lithography [78], nanoimprint lithography [79],
and reactive ion etching [30], etc. Thanks to many advantages of polymer-based PCs,
various techniques are also adopted to create these structures such as optical lithography
by mask, holographic lithography, and direct laser writing, etc. Each method has its own

advantage and limitation.

e In optical lithography by mask technique, the photomasks were designed with var-
ious patterns, circles, squares, rectangles, etc. This technique does not require
complex and sophisticated equipment. Light passing through the mask generates
an intensity distribution throughout the thickness of the polymer film. PCs were
created after the polymer film absorbed this intensity distribution according to the
configuration determined by the photomask pattern [31]. However, there are several
drawbacks with this technique, for example, the contact between photomask and
polymer film is degraded, the structure along film thickness is non-uniform and it

allows to fabricate only 1D and 2D PCs.

e In direct laser writing (DLW), the laser light is tightly focused inside a small volume
of the photoresist. The light energy becomes very strong, larger than the threshold
of polymerization of photoresist. Initially, DLW is based on multiphoton polymer-
ization of the resist [$2-81], then a new approach based on ultralow one-photon
absorption is recently developed by the LPQM laboratory [35]. This technique can

fabricate any kind of PSs with or without defect with the feature sizes as small
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as 100 nm. However, this technique has a limitation that it requires complex and
expensive equipment. It is also time-consuming and allows to fabricate structures

of small size.

e Holography is one of the main methods used for fabrication of polymer-based PSs,
with numerous advantages such as low cost, and capability of producing large-size
at high speeds and defect-free PCs templates [36, 87]. In holographic lithography, a
photoresist is placed in the multiple-beams interference region and the interference
pattern is transferred into the photoresist with a corresponding matter distribu-
tion. The resolution of patterns varies from micrometers to sub-100 nanometers.
Depending on the number of laser beams and their arrangements, one can fabricate

different types of 1D, 2D, and 3D, periodic and quasi-periodic PSs.

Although, there are various research concerning fabrication of PCs, the realization of
PCs fulfilling criteria, such as uniform in large area, high quality, and desired periodicity,
is still a big challenge for the photonic community. Regarding fabrication techniques,
holographic lithography approach seems to be an important and practical one, with many
advantages such as cheap, rapid, convenient and effective process. Therefore, fabrication
of polymer-based PSs using holographic lithography (interference lithography) method is

the heart of this dissertation.

1.4 Motivation and thesis plan

Throughout the last decades, PCs are always the hot topics of scientists in over the
world. Besides the attraction of new properties, PCs are also attracted by the flexibility
in choosing working range, the diversity in using materials and the appropriate fabrica-
tion methods for each kind of materials. Polymer materials, with their ease of fabrication,
low temperature processing, and combined with their optical nonlinearities, are potential
contenders for PCs applications. In this work, multiple exposures of two-beam inter-
ference technique will be investigated to fabricate all 1D, 2D and 3D polymeric PCs.
The passive polymer, SUS8, will be used for fabrication of desired structures and fabri-

cated structures will be used as templates for PCs and nonlinear applications. However,
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the strong absorption in UV range of SU8 leads to the limitation of the uniformity and
thickness of fabricated structures. A new technique to optimize this drawback will be
proposed. A good template is then associated with active polymer with nonlinear prop-
erties (DR1/PMMA) to enhance nonlinear signals through QPM and waveguide resonant
grating (WRQG) structures.

This thesis is divided into six chapters:

In chapter 1, we introduce the basic concepts and typical photonic structures. Some
particular polymer materials and suitable fabrication techniques are analyzed in details,
leading to main motivation of the dissertation work.

In chapter 2, we present the theoretical and experimental studies of multi-beam and
two-beam interferences techniques. First, we demonstrate the use of a multi-surface prism
to create three-beam and four-beam interferences to realize 2D and 3D PCs, respectively.
Second, in order to fabricate desired 1D, 2D, 3D structures, we investigate the the use of
two-beam interference technique with multiple exposures.

In chapter 3, the influence of absorption of the material on the fabricated PC struc-
tures is investigated. We propose a new technique to improve the uniformity and thickness
of these structures. The idea is based on the expose of an uniform beam in the opposite
direction of two-beam interference, which allows to compensate the diminution of the
interference pattern intensity. The use of ultra-low absorption effect is also presented in
order to create ultra-thick PCs.

In chapter 4, we investigate the fabrication of surface relief grating (SRG), one simple
type of PSs, in both passive and active polymers, whose formation is based on different
mechanisms. The interference technique is used to fabricated SRG in all two cases. The
characteristics and applications of SRG is also studied.

In chapter 5, one of the most interesting applications of PCs, nonlinear optics based
on quasi-phase matching (QPM) technique, is addressed. We investigate in detail the
theory theoretical overview of second-harmonic generation (SHG), and the well-known
QPM technique for compensate the phase mismatch of the nonlinear processes. The
fabrication and characterization 1D and 2D QPM structures will be carried out.

In chapter 6, we demonstrate an alternative method to optimize the SHG efficiency
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by using the waveguide resonant grating (WRG) structures. The theoretical calculations,
fabrication method and characterization of WRGs are realized, discussed and applied.
In the conclusion, we show all the main results of this work and discuss about their

potential prospects.
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Chapter 2

Fabrication of large and uniform
polymer microstructures by

interference techniques

Holographic lithography has been proven as a promising method for fabrication of pho-
tonic microstructures [88-90]. The principle of this technique is that the interference
pattern is printed onto a photoresist film. After polymerization and development steps,
the photonic crystals (PCs) are created. In this chapter, we will first present the use of
three-beam interference for fabrication of 2D PCs and three-beam-plus-one interference
for fabrication of 3D periodic PCs and quasi-periodic PCs. The interference is realized
by using a multi-surface and top-cut prism, which enhances the accuracy of optical setup
and is easy to use. Nevertheless, there only one kind of PC possessing one period is
fabricated for each designed prism. The period of fabricated 3D PCs is also not similar in
three dimensions. We then investigate the two-beam interference method to overcome the
shortcomings of above methods. Different 1D, 2D, and 3D structures can be fabricated

by such two-beam interference technique by employing multiple exposures.
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2.1 Fabrication of SU8-based photonic structures by

multi-beam interference

2.1.1 Overview

The variety of 1D grating geometries, one kind of 1D PCs, leads to diverse applications. It

can be an important component in spectra analysis, beam splitting or modulation in inte-

grated optics [91, 92]. Many fabrication methods have been developed to obtain desired 1D
structures such as photo-mask |76, 93], photo-electrochemical etching [94], electrochemical
micromachining [95], and interference lithography (IL). Among these techniques, the IL

has a great potential for rapid fabrication of large and uniform patterns and it is easy to
control the gratings period. To fabricate 1D PCs, one-exposure of two- beam interference
pattern can be used. For 2D or 3D PCs, the number of interfering beams needs to be in-
creased. The fabrication of 2D PCs by IL was first proposed and demonstrated by Berger
et al. [38] in 1997. By employing the interference of three laser beams, a 2D hexagonal
pattern was created on a photoresist, which was then used as a mask to etch the pattern
into a high refractive index substrate. This method was then applied for many high-index
material to obtain PCS possessing a PBG [90] or associated with other methods to intro-
duce desired defects into 2D PCs [97]. Following this idea, in 2000, Campbell et al. [39]
have successfully created 3D PC structures by using the interference of three laser beams
plus one. The polymeric 3D structure was then filled with Si resulting in a 3D PC with
high contrast index. The challenge in fabrication of 3D PC operating in optical range was
thus partially resolved. Since then, multi-beam interference technique has been widely
employed for fabrication of numerous PCs thanks to their advantages such as low cost,
possibility for fabrication of uniform structures with large size and defect-free. Neverthe-
less, there exists some drawbacks in this multiple beams interference technique. Indeed,
the number of laser beams in this method is at least three, so the parameters of the beams
(beam angle, beam intensity ratio, polarization, and phase) should be carefully adjusted
and the beams alignment presents often some errors. Only a small misalignment of the
beams geometry will cause an undesired change of the lattice structure. These problems

can be solved by using a compact method as reported in the next session.
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2.1.2 Sample preparation and fabrication procedure

Before applying any fabrication technique, we need to prepare the samples. For each tech-
nique, the sample preparation procedure is different. To fabricate PCs by the interference
method, we used the samples based on SU8 negative tone photoresist. It is the most
popular photoresist used in holographic method for PC fabrication. The commercialized
SUS photoresist (Microchem) is sensitive to the light in UV wavelength range. In a series
of SUS the varying solvent contents leads to different viscosities and therefore different

thicknesses of the film.

The sample fabrication process is illustrated in Figure 2.1. First, a large cover glass (25
X 75 mm) is cut into smaller pieces for different experiments. These pieces were immersed
in an ultra-sonic bath containing distilled water for 10 minutes to remove all dusts. Then,
organic compounds were rinsed off by ultra-sonic cleaning in acetone and iso-propanol
(IPA) solutions. The glass substrates are now very clean and ready to use. However, the
adhesion between SUS8 and glass surface is very poor. To promote the sustainability of
this contact, a very thin buffer layer was deposited on glass substrate by spin-coating.
Photoresist SU8-2000.5 is spin-coated for a thickness of about 0.5 um on glass substrate,
followed by an exposure to UV irradiation for 30 seconds in an UV box. The cured film
was then developed and rinsed to avoid the influence on the main layer. After that, a
SU8-2025 film was spin-casted on the top of the polymerized buffer layer, with appropriate
parameters (such as speed, acceleration, time, etc) to obtain desired thickness of the film.
For 25 pum thickness of the film, 2500 rpm of speed, 300 rpm/s of acceleration and 30
seconds of spin time are needed. The spin-coated films were then soft-baked on a hot
plate at 65°C for 3 minutes and at 95°C for 8 minutes to remove all residual solvents.
Note that the residual solvent in the film will cause strong acid diffusion and patterns
would be washed out as a result. Since the polymerization reaction is affected by the
solvent content, the soft bake condition should be consistent for all samples. After soft
bake, the films were cooled down to ambient temperature and were stored in a black box

before exposure.
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Figure 2.1: Sample preparation and elaboration processes.
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2.1.3 Fabrication of 2D structures by three-beam interference

In the first proposal of Berger et al., three diffracted beams were created by a photolitho-
graphic mask containing three diffraction gratings, which are oriented by 120° relative
to each other. The sample was placed at the overlapping area of the diffraction beams.
This method can fabricate various structures by preparing suitable grating masks [958, 99].
Besides, there are other techniques to separate one beam to three coherent beams, such
as Fourier gratings [100] or three-pinhole interferometer [101]. In order to avoid align-
ment complexity and inaccuracies, as well as mechanical vibration instability, we use a
multi-surface prism to create three-beam interference.

The prism, also called tri-prism (with the size of 40 x 23.96 x 6.4 mm), possesses three
symmetric surfaces and a base, as shown in Figure 2.2(a). A pulsed laser emitting at 355
nm is first extended to about 2 cm in diameter and then sent into the tri-prism surfaces.
The laser beam is separated to three coherent beams, represented by the wave vectors kj,
ko, and ks, by three surfaces noted Ay, As, and Ajs, respectively. After passing through
the prism, three beams changed their directions and overlapped at a common area. Each
beam made an angle 6 with respect to the propagation axis (corresponds to the z-axis).
A photoresist sample fixed in a holder was placed at the common area of these beams, in
which the interference pattern could be recorded by the sample. The interference pattern
of three-beam is a 2D hexagonal structure. The sample holder could be rotated around
the z-axis by an angle o as shown in Figure 2.2(a). By this way, we can make multi-
exposure of the interference pattern corresponding to different o angles for fabrication of

2D quasi-periodic structures (QPSs) with multi-fold symmetry.

2.1.3.1 Theory of three-beam interference

Three coherent beams separated from tri-prism are represented by three plane waves as

follow:

E,(r,t) = Egelkir-witen) (2.1)
EQ(I‘, t) = E02€i(k2.r_wt+@2), (22)
E3<I‘, t) = E03€i(k3-r7wt+<p3), (23)
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Figure 2.2: (a) Three-beam interference setup by using a multi-surface prism. A large
and uniform laser source comes into the prism along the z-axis and it is separated to
three coherent beams by three surfaces Ay, Ay, and As, represented by the wave vectors
ki, ko, and ks, respectively. Three beams after passing through the prism changed their
directions and overlapped at a common area in the z-axis. The photoresist sample is
placed at the this area and can be rotated by an angle a for each exposure. If the angle
a is 0, 2D hexagonal PC structure can be created with one-exposure. (b) and (d) are
the simulation and experimental results, respectively, for this case. (c) and (e) are the
simulation and experimental results of a 2D QPS formed by three exposures at a = 0°,

20° and 40°.
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where ki, ko, and k3 are the wave vectors, Egy, Eg2, and Eg3 are electric field amplitude
vectors and 1, @9, and (3 are the initial phases of three beams, respectively. r is the
position vector in the overlapping space. In our simulation, we assumed that |ki| = |ko|
= |ks| = k and |Eg| = |Eo2| = |Eo3| = Ep. The circular polarization is applied to all
three beams because of the same form throughout the interference pattern and the high
intensity modulation. All the initial phases are also assumed zeros (@1 = @2 = 3 = 0).
The total field in the interference area is the sum of the electric fields of individual plane

waves:

E(r,t) = Ei(r,t) + Ey(r, t) + Es(r, t). (2.4)

The interference intensity is calculated by:
I(r,t) = (|B(x. )] (2.5)

With one-exposure, a 2D hexagonal PC can be fabricated. The simulation and exper-
imental results are shown in Figures 2.2(b) and (d). The period of structure (A) can be

determined by:
02X
~ 3sinf’

where A\ is the wavelength of the laser beam and 6 is the angle between each beam to the

(2.6)

z-axis. In our case, the 6 angle is 17.65° resulting in a period of 1.2 pm.
Three-beam interference by tri-prism also allows to fabricate 2D QPSs with a high
rotational symmetric level by multi-exposure. The relationship between the rotational

symmetric level and the exposure parameters can be written as
R=6n; «,=60"/n; t,=t/n, (2.7)

where R is the rotational symmetric level, n is the exposure number; «,, is the rotation
angle increment [for example, for n exposures, o, (i) = i*(60°/n); i = 0,1,2,... n—1]; ¢, is
the exposure time; and t; is the exposure time needed to fabricate a hexagonal structure
by one-exposure [102].

The exposure dosage is accumulated after each exposure, and the total interference
intensity therefore is the sum of the interference intensity of each exposure, which can be

expressed as

Imulti-exposure = Z Ian(i) ) (28)
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where [,(7) is the intensity distribution of a three-beam interference pattern in a sample
oriented at angle oy, (7).

To model the theory of the interference technique, we used Matlab software, which
is a powerful tool for numerical computation and simulation. All the calculations are
performed based on the personal code scripts. Figures 2.2(c) and (e) shows the simulation
and experimental results of a QPS obtained by three exposures at the angles: a = 0°, 20°,
40°. In this part, the simulation results present no absorption of material. By increasing
the number of exposure, this technique allows us to obtain QPSs with very high rotation
symmetry level, e.g. up to 60-fold with 10 exposures [103]. It is worth to mention that
this technique does not allows to change easily the period and the geometry of PCs. Each

prism is fixed to one kind of PCs, with well-determined periodicity.

2.1.4 Three-beam-plus-one interference technique for fabrication

of 3D structures

The first 3D PC created with four-beam interference was reported by Campbell et al. in
2000 with an umbrella beam geometry [39]. In such case three outer beams are symmet-
rically placed around the central beam and make a same angle with it. Face centered
cubic-like (fce-like) structures were fabricated by this configuration. Other structures can
be also possible by controlling the polarization, phase, intensity of each beam and the
angle between the center beam and three outer beams. For example, to form a diamond-
like structure, which possesses a large PBG, this angle should be set at 38.9° [39, .
Using a single optical element avoids complicated optical alignment and inaccuracies. So,
a single top-cut prism (or tetra-prism) was employed, allowing to simplify the optical
setup [105-107].

In our experiments, we used a tetra-prism with the three outer symmetrical beams,
which makes an 6 angle of 15.7 ° with the central beam as illustrated in Figure 2.3(a).
This results in a period of 1.1 pm in the (zy) plan of interference pattern. When the
large and uniform pulsed laser beam, wavelength A = 355 nm, passes though the prism,
the beam O (center beam) continues propagating along the z-axis, while the other three

beams Aj, Ay, and A3 (ambient beams) changes their directions and direct towards the
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Figure 2.3: (a) Three-beam-plus-one interference realized by a tetra-prism. The central
beam propagates along the z-axis while three outer beams, which make an 6 angle with
it, change their directions and overlap at an area below the bottom surface of the prism.
The photoresist sample is placed at this area for recording the interference pattern. (b)
and (d) show simulation and experimental results of a fcc-like structure in the case of one-
exposure. (c) and (e) present simulation pattern and SEM image of 3D QPS obtained by

two exposures at a = 0° and a = 90°.
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center beam and all overlap at a zone after the bottom surface of the prism. The sample
holder that could be rotated around the z-axis by an angle a was placed at the overlapping
area of these four laser beams and the interference pattern was recorded into photoresist
sample.

Similar to the case of three-beam interference, three outer beams separated from three

surfaces of prism are represented by three plane waves as follow:

Ei(r,t) = Egelkar—witen (2.9)
E2<I‘, t) = E02€i(k2-r7wt+<p2)’ (210)
ES(r7 t) = E03€i(k3.r_u)t+‘p3)7 (211)

where the orientations of the wave vectors of the three beams can be defined as:

k) = k(—xsin6,0, —z cosf), (2.12)
ky = k(0.52sin 6, v/3/2ysin b, —z cos 0), (2.13)
ks = k(0.5 sin 6, —v/3/2ysin §, —z cos ). (2.14)

The central beam, which goes along z-axis, is also a plane wave and is represented as:
E4(I’, t) = E04€i(k4~r—wt+tp4)’ (215)

where the wave vector is:

ky = k(0,0, —z cos 0°). (2.16)

Assuming that all the initial phases are zeros (1 = p2 = @3 = ¢4 = 0) and the beams
possess circular polarizations, the total intensity given by the interference of these four

waves can be written as:
I(r,t) = (|Ei(r,t) + Eg(r,t) + Eg(r,t) + E4(r,t)\2>t. (2.17)

The periods along coordinate axes are different and depend on 6 angle. They can be

calculated as follow:

2\ A
Y7 3sing and Az = (2.18)

A=A
‘ (1 —cosf)’

To fabricate a fcc-like structure, only one exposure is required. Theoretical modeling

and experimental results are presented in Figure 2.3. 3D QPSs are also fabricated by two
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exposures of the interference pattern at o = 0° and 90°. SEM images of 3D QPSs and
corresponding simulation pattern are presented in Figure 2.3(c) and (e). These structures
are expected to possess an isotropic gap thanks to their high symmetry level. With the
use of such a single optical element, we have produced large-scale, high quality 3D fcc-like
and 3D quasi-periodic PC structures. However, the 3D interference pattern obtained by
this tetra-prism has longer period in the z direction than those in the x or y directions.
As mentioned in previous section, this method also does not allow to fabricate PCs with

different periods and geometries.

2.2 Fabrication of desired 1D, 2D and 3D microstruc-

ture by 2-beam interference

2.2.1 Theory and simulations

Employing multi-surface prisms to create multi-beam interference overcomes some draw-
backs and increase the stability of multi-beam interference technique. Nevertheless, this
technique does not allow to fabricate any structure, also its periods are quite different
for different directions. Lai et al. proposed a method based on two-beam interference
with multiple exposures to fabricate different 1D, 2D and 3D PCs [36]. This fabrica-
tion method presents a number of advantages over other holographic techniques based
on three- or four-beam interference technique, such as, simple, low cost, and flexible, etc.
Besides, this method can fabricate not only 1D, 2D and 3D periodic structures but also
quasi-periodic structures.

In the case of two-beam interference, illustrated in Fig. 2.4, two collimated beams
obtained from a coherence source are sent into a common area where they interfere. The

electric fields of these two beams can be represented as:

E(r,t) = Eqe'fretten), (2.19)

E2(I', t) = E02€i(k2~r—wt+<p2)’ (22())

where ki, ko are the wave vectors, Eg;, Ego are electric field amplitude vectors and @1, ¢

are the initial phase of two beams, respectively. r is the position vector in the overlapping
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Figure 2.4: Two-beam interference configuration. 6 is the angle between each beam and
the symmetrical axis (z). The period of interference pattern (A) depends on the 6 angle
and the wavelength of laser beam. The S-S polarizations of two beams were chosen due

to the best amplitude modulation (100%) of the intensity pattern.

30



Chapter 2. Fabrication of large and uniform polymer microstructures by interference
techniques

space. Applying the superposition principle, the total field in the interference area can be
calculated by:
E(r,t) = Eq(r,t) + Ea(r, t). (2.21)

The intensity distribution is calculated by:

I(r,t) = (|E(r, 1)),
= (|E1|?): + (|Eo|*): + (Ey - Eb), + (E} - Ey), (2.22)
=1 + I+ Lo,

where I, is the interference term. With the assumption of all the initial phases are zeros,

p1 = w9 = 0, this term can be detailed as:

112 = <E1 . E;)t + <E>{ : E2>t
= 2E01 . E02 COS[(kl — kg) . I'] (223>
= 2E01 : E02 cos 0.

When Eg; and Egy are perpendicular, I;5 = 0, there will be no interference effect. In
the case if Eg; and Eqy are parallel, the phase difference creates alternative bright and dark
bands, which are referred to as interference fringes. Figure 2.5 illustrates this intensity
modulation. Total constructive interference (bright fringe) is Inax = Iy + Io +2/I1 15 and
total destructive interference (dark fringe) is Iy = I+ Io —2v/T1 I5. To get the maximum
intensity modulation (I, = 0, Inax = 1) of the interference pattern, the S-S polarization
configuration, i.e. the polarizations of two beams are parallel to each other and they are
perpendicular to the plane made by two beams, is a best choice [105].

The fringe period depends on the angle between the two interfering beams (see Figure
2.4). The period (A) of 1D PCs fabricated by one exposure of two-beam interference

pattern can be calculated by:
A

= Send’ (2.24)
where A is the wavelength of laser source. As the angle between the beams gets larger,
the period decreases and can reach \/2.

The S-S polarization of two beams will be chosen for all simulations. Figure 2.6(b)

shows the simulation result of 1D PC structure fabricated by two-beam interference

method.
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Figure 2.5: The intensity modulation of the two-beam interference pattern as a function

of the phase difference between two interfering beams.
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Figure 2.6: (a) Configuration of two-beam interference in case of one exposure. Two

beams make the same 6 angle with the z-axis. (b) Simulation result of 1D interference

pattern obtained by one exposure of two-beam interference.
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(a)
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Figure 2.7: (a) Two-beam configuration used for fabrication of 2D PC structures. By
rotating the plane containing two beams around z-axis and exposing multiple times, 2D
photonic structures can be created. The geometry of structures depends on the rotation
angle and the number of exposure. Simulation results of a 2D square structure (b) ob-
tained by two exposures at o = 0° and o = 90° and a 2D hexagonal structure (c) formed by
two exposures at a = 0° and a = 60°. (d) With six exposures at a = 0°,30°,60°,90°, 120°

and 150°, quasi-periodic structure was obtained.
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Traditionally, 2D and 3D structures were created by increasing the number of the
beams because the number of the interfering beams determines the dimensionality of the
resultant periodic interference pattern. In this work, we demonstrate that by employing
multi-exposure of two-beam interference pattern, different types of periodic structures
(1D, 2D, and 3D) can be created, depending on the number of exposure and the rotation
angle of the sample for each exposure. Theoretically, 2D periodic structure can be fabri-
cated by a combination of the first exposure, which is similar to the 1D case and a second
exposure after rotating the plane containing two laser beams by an « angle. The wave

vectors of two beams in this case are:

k; = k(xsinfcosa,ysinfsina, z cos ), (2.25)

ky = k(—xsinf cos a, y sin O sin v, z cos 6), (2.26)

and the total intensity of two beams at the o angle becomes:

Io=1 + 1+ I
(2.27)
= 4F7 cos®[k(z cos a + ysin a) sin 6].
When the interference pattern is exposed many times at different o angles, the expo-

sure dose is accumulated and the total interference intensity can be given by:
Imulti—exposure = Z Iai~ (228>
i

Figure 2.7 shows the simulation results in the case of multiple exposures of two-beam
interference. By changing the value of o angle, we obtained different geometries of PC
structures. Figure 2.7(b) shows a 2D square structure created by two exposures at a = 0°
and o = 90° and Figure 2.7(c) shows a hexagonal structure obtained with o = 0° and «
= 60°. Specially, when increasing the number of exposures, we can create any 2D QPS on
demand. Figure 2.7(d) shows a QPS created by six exposures at a angles: 0°,30°,60°,90°,
120° and 150°, respectively.

To obtain 3D PC structures, we introduce a second rotation angle 8 as illustrated in
Figure 2.8. We varied both « and 3 angles for different exposures. The wave vector of

two beams in this case is:

k; = k(zsin (0 — ) cosa, ysin (0 — B) sina, z cos (0 — 3)), (2.29)

ko = k(—xsin (6 + ) cos v, ysin (0 + ) sin v, z cos (6 + 3)). (2.30)
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Figure 2.8: (a) Beams configuration of two-beam interference for fabrication of 3D pho-
tonic structures. Desired 3D structures are obtained by three or multiple exposures at
different orientation angles o and 3. (b), (c) Examples of simulation results of 3D periodic

structures obtained by three exposures. (d) 3D quasi-periodic structure obtained by six

exposures.
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The total intensity of the two-beam interference is now written as:

Ia,ﬁ :]1+IQ+]12 (2 31>

= 4E7 cos®[k(x cos a + ysin a) sin 6 cos B — kz sin 0 sin ).
The exposure dose is accumulated by all exposures, and the total intensity is written

as:

]multi—exposure - Z ]ai,ﬁi- (232>

2

Many kinds of 3D structures could be created by multiple exposures with appropri-
ate a and [ angles. Figures 2.8(b) and (c) show the simulation results of 3D periodic
structures. A hexagonal close-packed-like structure was created by three exposures at
(e, B) = (0°,30°), (120°,30°) and (240°,30°) and a simple cubic structure was obtained
by three exposures at (a, ) = (0°,0°), (90°,0°) and (0°,90°), respectively. 3D QPSs were
also formed, for example, by six exposures at («, ) = (0°,30°), (30°,30°), (120°,30°),
(150°,30°), (240°,30°), and (270°,30°), which is represented in Fig. 2.8(d). In particular,
this technique provides similar lattice constants in transverse and longitudinal directions,
which is difficult to be obtained by the commonly used multi-beam interference technique
[56].

We note that the fabrication of 2D PC structures is a special case when g = 0°.

2.2.2 Experimental realization
2.2.2.1 Experimental setup

Experimentally, instead of rotating two beams, we rotated the sample with respect to two
laser beams, as illustrated in Figure 2.9. Two laser beams emitted from a coherent laser
source (pulsed laser, 1 ns pulse width, 150 kHz repetition rate and 355 nm wavelength),
possess the same spatial profiles, the same intensities, and the S-polarization. The beam
diameter is about 2 c¢cm and the average power of each beam is 3.5 mW. These two
beams interfere with each other, resulting in a modulation of the total intensity along one
dimension at the sample area. The semi-angle between the two laser beams is denoted
as 0, and can be easily adjusted by a couple of control mirrors. The period, A, of the

interference pattern is determined by the #-angle and the laser wavelength, A, as indicated
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photoresist
\

Figure 2.9: Multi-exposure of two-beam interference lithography setup. Two light beams
(by and by), which have the same polarization, interfere with each other, resulting in a
one-dimensional interference pattern. The sample is placed at the interference area and
on a double rotation stage. It can rotate around the z-axis and z-axis by a and S angles,

respectively, for multiple exposures.
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by the formula (2.24). The sample was placed on a double rotation stage: one can rotate
around the z-axis by an angle o and the other can rotate around the y-axis by an angle
B. This setup is very flexible in fabrication of any kind of PC structures such as: 1D, 2D,
3D periodic and quasi-periodic PCs.

2.2.2.2 Fabricated structures

The SUS8 photoresist samples were prepared following the process shown in Figure 2.1, and
then exposed by the interference lithography setup shown in Figure 2.9 to obtain desired
PC structures. We note that after exposure, the post bake should be done immediately
by increasing the temperature from 25°C to 95°C for 10 minutes to finalize the photo-
polymerization process. Delaying this step can cause a lower degree of polymerization
due to surface contamination and decrease the quality of fabricated structures. The fab-
ricated samples were finally examined by an electron scanning microscope (SEM). Figure
2.10 shows some experimental results and corresponding simulation results of different
fabricated structures. 1D structure (Figure 2.10(a)) was fabricated by one exposure at
any « and (3 angle. 2D structures can be fabricated by two or multiple exposures with
different o and (3 angles. 2D square structure (Figure 2.10(b)), for example, was fabri-
cated by two exposures at (a, ) = (0°, 0°) and (90°, 0°). 2D quasi-periodic structure
was fabricated by six exposures at (o, 5) = (0°, 0°), (30°, 0°), (60°, 0°), (90°, 0°), (120°,
0°), (150°, 0°), as shown in Figure 2.10(c). Different 3D structures, even those can not
be fabricated by commonly used multiple-beam interference, have been obtained by our
method. Figure 2.10(d) shows, for example, a 3D hexagonal close-packed-like structure,
created by three exposures at (a, f) = (0°, 30°), (120°, 30°), (240°, 30°), respectively.
We can conclude that with two-beam interference and multiple-exposure technique,
any kind of PC structures can be created. On the other hand, the optical properties of
these structures depend strongly on their period. For PCs operating in optical range,
especially in visible range, the period should be about several hundreds nanometers. It
was demonstrated that when the period of the hexagonal close-packed-like 3D structures
was decreased to sub-micron scale (A = 400 nm) the structure possesses a PBG in visible
range [103]. However, due to the low refractive index contrast of polymer material, 3D PCs

possessing a complete PBG in optical and near-infrared wavelengths are still a challenge.
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Figure 2.10: SEM images of experimental results obtained by two-beam interference. (a)
1D structure fabricated with one exposure (5 = 0° and a = 0°). (b) 2D square structure
obtained with two exposures at § = 0° and o = 0°, 90°. (c) 2D quasi-periodic structure
obtained with six exposures at 5 = 0° and o = 0°, 30°, 60°, 90°, 120°, and 150°. (d) 3D
structure obtained with three exposures at § = 30° and a = 0°, 120°, and 240°. Inset of

each figure shows corresponding simulation result.

39



2.3. Conclusion and discussion

In general, those structures can be used as templates for the creation of structures with
higher refractive index contrast. But, in other cases, they can be directly used as PCs.
Moreover, PCs with artificial defects could be easily created by associating two-beam
interference technique with other techniques such as direct laser writing. These structures
allow to manipulate photons through stop band or partly band gap leading to abundant
applications. For instance, line defects can guide or bend the light in desired direction
[109, 110], point defects make nanocavities with high Q (quality) factor, which are useful
for making low threshold lasers [15, 111]| and so on.

The flexibility in control of the period of two-beam interference technique also leads
to interesting applications in nonlinear optics. Indeed, SU8-based PCs can be used as a
template, then the nonlinear material can be filled into the air-gap of structure to create
nonlinear structures. PCs with longer period from a few micrometers to a few tens of
micrometers are good candidate for nonlinear optics. In such case, we obtain a so-called
quasi-phase matching (QPM) structures, as it will be investigated in chapter 5. In con-
trast, PCs with short period can be used as nonlinear PC (NLPC), which enhances the
nonlinear effect by using the anormal dispersion effect mechanism. Multi-exposure two-
beam interference method provides an easy way to create all these structures. Moreover,
increasing the thickness of nonlinear structures is also necessary for coupling the funda-
mental beam into them, therefore enhances the frequency conversion efficiency. Whereas,
the interference technique has a limitation to produce thick crystal due to the absorption
of the resist materials. Some techniques to overcome this limitation will be presented and

discussed in next chapter.

2.3 Conclusion and discussion

In this chapter, we have first studied theoretically and experimentally the use of multi-
beam interference method for fabrication of polymer-based PCs. There exists many con-
figurations of the beams but we chose three-beam and three-beam-plus-one interferences.
These interferences were realized simply by sending a large beam into a multi-surface
prism, which allows to compact interference system and to avoid the mechanic vibration.

With three-beam interference technique, we have successfully fabricated 2D hexagonal
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structures with only one exposure. By rotating the symmetrical axis of three beams
around the z-axis and making multiple exposures, 2D quasi-periodic structures were also
formed. By using three-beam-plus-one interference setup, it was demonstrated that 3D
fce-like PC was created with only one exposure whereas 3D quasi-periodic structures were
obtained by two or more exposures. However, the period of those structures is different
along different axes. In details, the period along z-axis is longer than those along z-axis
and y-axis. The interference technique basing on multi-surface prisms also does not allow
to control the period as well as the geometries of PCs.

To overcome these problems, we have introduced multi-exposure two-beam interference
technique as a simple and efficient tool for the fabrication of any kind of PC structures.
The periods of 3D structures are similar in transverse and longitudinal directions, which
is difficult to be obtained by multi-surface prism technique. This method also allows
to control the lattice constant from millimeters to submicrometer scale by modifying
the angle between two interfering beams. This technique supplies a rapid and low cost
fabrication of large and controllable structures and therefore opens various interesting
applications in both linear and nonlinear optics.

Note finally that all the samples in these experiments are limited in thickness (< 10
pm) with the size of 1 cm?.  The influence of materials absorption to the uniformity
of structures is not significant. All the calculations omitted the absorption coefficient.
However, when increasing the film thickness, the strong absorption of SU8 material in UV
range affects the fabricated structures. How to optimize the film thickness and uniformity

of these microstructures remains as a challenge and will be solved in next chapter.
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Chapter 3

Optimization of thickness and

uniformity of 2D & 3D microstructures

In the previous chapter, we have theoretically and experimentally investigated the use of
multi-beam interference technique for fabricating different kinds of PCs. Among of them,
two-beam interference is better than others thanks to its simplicity in optical setup, its
flexibility in changing period and geometry of PCs, etc. Nevertheless, the absorption of
material remains as a drawback of this technique. In this chapter, we will study in detail

this absorption effect and propose a method to optimize the quality of PC structures.

3.1 Influence of absorption effect on structures fabri-

cated by interference technique

3.1.1 Absorption characteristics of SU8

SU8 absorbs strongly light in the UV range by the photoinitiator content added in its
component. This absorption causes a non-uniform light intensity distribution across the
photoresist film. Consequently, there is a gradual light intensity drop across the film thick-
ness when an UV beam penetrates the SUS layer from the top to the bottom. This leads
to a limitation in thickness of the film. We have investigated the absorption characteristics
of SU8 sample and its influence on the fabricated structures. The absorption spectra were

measured by using a UV-VIS spectrometer Lambda 950. Figure 3.1(a) only shows a zoom
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Figure 3.1: (a) Absorption spectrum of a commercial SU8 photoresist. Absorption co-
efficients, o1 and o, are determined for two different wavelengths, 325 nm and 355 nm,
respectively. (b) Theoretical calculation of the light intensity versus the propagation

inside an absorbing material, showing the influence of absorption.

on the absorption spectrum of SUS8 film with 25 pum thickness for wavelengths ranging
between 300 nm and 540 nm because of the very low absorption of SUS in visible range.
The absorption coefficients have been determined for two particular wavelengths, namely
325 nm, and 355 nm, and are denoted as oy, and o5, respectively. The absorption of SU8
is very high at the UV range and decreases rather quick at visible (VIS) range. We then
calculated light intensity as a function of propagation length inside the photoresist, taking
into account the absorption of material. Figure 3.1(b) illustrates the variation of the light
intensity for these two corresponding laser wavelengths. Obviously, the absorption is quite
high at 325 nm, resulting in a rapid decrease of light intensity along the propagation. The
use of a laser source at this wavelength therefore limits the fabricated structures thickness
to about 3 um corresponding the diminution of 50% of intensity. In the case of a laser
emitting at 355 nm, the photoresist presents a lower absorption. Therefore, we expected
that the thickness can reach 25 um. In fact, the absorption of SU8 can be avoided using
other irradiation sources, such as x-rays, or pulsed femtosecond lasers working at suitable
wavelengths for two-photon excitation. However, for interference lithography using a laser

source emitting nearly the absorption limit of SU8 (a 355 nm laser, for example) is suit-
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able because of its simplicity and low cost. In the next experiments, we will present our
investigation of the absorption effect on holographic fabrication of photonic structures,

by using a pulsed 355 nm laser.

3.1.2 Theory of two-beam interference taking into account the

absorption effect

To understand more about the influence of absorption effect, we rewrite the equations in

the previous chapter, taking into account of the absorption effect:

El(r, t) = EOIG—arei(kyr—wt—&-cm), (31)

EQ(I', t) = Egzeiarei(kQ.r7Wt+4p2), (32)

where o is the absorption coefficient of the photoresist at the excitation wavelength.
The total intensity of two-beam interference pattern in a sample oriented at angles «

and [ decreases over the propagation inside the material and is represented by equation:
Io = (|Bi(r, 1) + Eo(r,t)*),

(3.3)
= 2Egexp[—202z/ cos(#)] cos®[kz sin @ sin 8 + k cos 0 cos B(z cos a + ysin a)],

where Fy = Ey = Fy are the real electric field amplitudes of excitation beams.

3.1.3 Influence of exposure dosage on the uniformity and the

thickness of fabricated structures

The filling factor of PC structure depends on the exposure dose. In fact, there is a
linear relationship between exposure dose and exposure time. In case of IL operation
in one-photon absorption regime, the photoresist responds equally to high intensity over
short exposure time and low intensity over long exposure time. It can be deduced that the
intensity and exposure time play equivalently roles on the formation of photonic structures

To study the influence of dosage on the fabricated structures, we have just considered
2D square PC structures. For that, the sample is exposed twice, at («, 5)= (0°,0°) and
(90°,0°), respectively. 2D interference patterns were simulated by taking into account

the absorption coefficient at A = 355 nm. We found that the effective thickness of the
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Figure 3.2: 2D photonic structures fabricated by the two-exposure two-beam interference
technique with different dosages: (a) 8.25 mJ/cm?; (b) 18.15 mJ/cm?; (¢) 23.1 mJ/cm?;
(d) 33 mJ/ecm?  The SU8 thickness is 25 ym for both theory (left, simulation) and

experiment (right, SEM image). When the dosage is increased, the structure changes

from cylinders (a) to air-holes (d), accordingly.
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structures depends on the dose. Simulated structures for four different intensities, cor-
responding to four exposure doses, are shown in the left-hand side of each sub-figure of
Figure 3.2. When the dose is weak, 2D conical structures with a thickness of only few
micrometers are obtained (Fig. 3.2(a)). When increasing the dose, 2D air-holes structures
with a thickness up to 30 pum could be obtained (Fig. 3.2(d)). This is explained by the
fact that the interference intensity varies nonlinearly and differently along the transverse
(2-, y-axes) and longitudinal (z-axis) directions of the interference pattern. When the
dose increases, structures can be efficiently created along the z-axis, resulting in a thicker
structure. However, as seen in Fig. 3.2, these 2D structures are not uniform along the
z-direction, as a consequence of the absorption effect of the photoresist.

These predictions were then experimentally demonstrated as shown on the right-hand
side of each sub-figure of Fig. 3.2. In our experiments, we exposed the samples from
glass substrate, so the results in the bottom part of the resist being irradiated with higher
dosage than that of the top part. With low dose (8.25 mJ/cm?) 2D cones with limited
thickness (Fig. 3.2(a)) were obtained. When increasing the dose, from 18.15 mJ/cm?
(Fig. 3.2(b)) to 23.1 mJ/em? (Fig. 3.2(c)), and to 33 mJ/cm? (Fig. 3.2(d)), 2D air-holes
thicker structures were obtained. These experimental results are in excellent agreement
with theoretical calculations.

We remark that this observation is valid for any laser wavelength used in optical in-
terference lithography. Only the effective structure thickness changes according to the
respective absorption coefficient. To overcome this absorption effect and to obtain uni-
form structures, we demonstrated a new technique to compensate the diminution of the

interference pattern intensity [112].

3.2 Optimization of film thickness and uniformity

3.2.1 Working principle

From above absorption analysis, we propose to expose the sample once more by an uniform
beam in the opposite direction of the previously exposed sample. The experimental setup
is illustrated in Fig. 3.3(a). In fact, when the sample is exposed to the interference pattern

(two beams, b1, b2), the light intensity decreases through the film thickness, from 0 gm to
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Figure 3.3: (a) Experimental setup of the two-beam interference (b1, b2) plus an addi-
tional and independent counterpropagation uniform beam (b3). (b) Theoretical calcula-
tion of the light intensity as a function of the propagation distance. The two interfering
beams propagate from bottom (0 pum) to top (25 pum) while the additional beam prop-
agates from top (25 um) to bottom (0 pum). The red curve shows the total intensity of
all laser beams. (c) Simulation of the 2D structure created by two-exposure two-beam

interference with the assistance of the counterpropagation uniform beam. (d, e) SEM

images of corresponding fabricated structures.
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25 pm, as illustrated by the blue continuous curve (b1+b2) in Fig. 3.3(b). The sample is
then exposed once more by an uniform and independent beam (b3) propagating along the
opposite direction. The intensity of this laser beam decreases through the film thickness,
from 25 pm to 0 pm, as illustrated by the blue discontinuous curve. The doses of these
exposures compensate each other, and the total dose becomes almost the same along
the film thickness as illustrated by the red curve. Note that the beam b3 is uniform,
irradiates the sample independently with respect to previous exposures, and does not
modify the structure already implemented by the (b1, b2) interference pattern. Indeed,
in optical lithography, there exists a dose threshold above which the negative photoresist
is completely polymerized and remained on substrate after developing process. The dose
of the third beam (b3) is lower than the polymerization threshold and is considered as
a background, which just compensates the decrease of the interference dose. The final
fabricated structure is only determined by the two-beam interference technique. Figure
3.3(c) shows the simulation result of a 2D square structure obtained by this method.
Considering only the case of the air-holes structure, when using the assisting beam (b3),
uniform and thick structures can be obtained. For a film thickness of 25 ym, both cylinder
and air-holes structures are uniform along the z-axis. For each situation, an adjustment
of the dose of the assisting beam is necessary in order to obtain uniform structures. Note
that the effective structure thickness changes depending on the absorption coefficient.
In the case of 355 nm wavelength, the simulation results show the possibility to create
uniform 2D and 3D structures with 25 pgm thickness. When the film becomes thicker, the
areas exposed to the interference pattern and to the assisting beam tend to be separated,

and no structures can be obtained at the center of the film.

3.2.2 Experimental demonstration

Figures 3.3(d) and (e) show the experimental results obtained by the two-beam interfer-
ence technique with the assistance of a counterpropagating uniform beam. To achieve
uniform structure, a control of the dose for each exposure was made. Doses are 3.2
mJ/cm? + 3.2 mJ/em? (two exposures) and 10.2 mJ/cm? for the 2D interference pattern
and the assisting beam, respectively. Figure 3.3(e) shows a zoom on a cylinders structure

elaborated within a 25 pum thickness, confirming the theoretical prediction. Figure 3.4
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Figure 3.4: Polymer-based 3D photonic crystal fabricated by two-beam interference tech-
nique with the assistance of a counterpropagation uniform beam. (a, b) Theoretical
calculations of 3D structures created by three exposures at (o, 5) = (0°, 30°), (120°,
30°) and (240°, 30°), respectively. Structures are obtained without (a) and with (b) the
counterpropagation uniform beam. (¢) SEM image of a 3D structure fabricated according

to parameters of the figure (b).
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Figure 3.5: (a) Absorption spectrum of SU8 plotted in log scale showing very low absorp-
tion coefficient in visible range. (b) Light intensity versus propagation, showing a long

penetration depth with a laser beam at A = 532 nm.

shows results obtained with three exposures to the 1D interference pattern at («, ) =
(0°, 30°), (120°, 30°) and (240°, 30°), respectively, and with one exposure to the assisting
beam. In this case, we obtained a face-centered cubic (fcc) structure. Similar to the case
of 2D structures, with the assistance of the beam b3, this 3D fcc structure is very uniform
for a thickness of 25 um. Finally, we remark that this proposed technique can also be
applied to other fabrication techniques, for example mask lithography [113] in order to

make the structure more uniform along the third dimension.

3.3 Ultra-low absorption technique

The low refractive index contrast of polymeric PCs restricts applications using PBG
property. Nevertheless, they are still used widely in many applications as a template to
obtain structures of higher refractive index materials. Recently, the ultra-large and ultra-
thick PCs open a lot of applications, which does not base on the PBG property, such
as clever management of light in biochips, enhancement of nonlinear optical frequency
conversion, etc. However, fabrication of these structures with high quality is not easy.

Multi-exposure two-beam interference technique is a good way to achieve this purpose
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thanks to the absorption property of photoresist materials.

The absorption of SU8 decreases very quickly at VIS range and seems to be zero at the
wavelength of 532 nm. So, most researchers believe that SU8 commercial photoresist does
not have absorption at A = 532 nm, and to date, nobody tried to holographically fabricate
structure directly from pure SU8 using this laser source. However, when the absorption
spectrum of SUS is plotted in log scale, the absorption coefficient (o3) is though very
low but non-zero as shown in Figure 3.5(a). Hence, the intensity of excitation beam
(532 nm) remains almost constant for several hundreds pm along the film thickness.
The light intensity as a function of propagation length inside the photoresist film is also
calculated and shown in Fig. 3.5(b). We therefore propose to use this wavelength to
fabricate ultrathick photonic structures by the IL technique.

3.3.1 Sample preparation

To prepare thick film, two ways can be used. The first technique is based on a photoresist
with high viscosity. The second way is the use of multiple spin coatings of thin film (only
100 to 200 pm thick film). However, multi-coating is a time-consuming process, non-
uniform surface and sometimes the thickness is not sufficient. In our work, we tried two
methods to overcome the restrictions in thickness and flatness surface of the spin coating
technique.

Fistly, the samples are prepared by using a mould made by two glass slides, which
allows to fix the shape and thickness of the resist film. Then SU8 was poured onto the
mould and soft-bake in an oven at 120°C for one hour.

In the second method, we manually spread SU8-2025 in SU8 2000 series (MicoChem
Corp.) onto a glass substrate and soft-bake in oven at 120°C for 2 hours. SU8 was then
cooled slowly down to the room temperature at natural rate. This step evaporates all the
solvent inside SUS thick film. After that, they are separated to many small pieces. Fach
piece was placed onto another glass substrate and put in oven at 120°C for 10 minutes.
SUS8 melted and covered the glass substrate. Depending on the size of SU8 piece we can
obtain the film with different thickness. Normally, the soft-bake temperature for SU8 was
suggested at 65°C or 95°C [114]. For the thicker film, soft-bake temperature was realized
at 120°C, which is far from the fully cross-linked film temperature (around 200°C), to
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Figure 3.6: Ultra-thick PC fabricated by two-beam interference technique. Two identical
beams were obtained from a CW laser at 532 nm wavelength, with an intensity of 80
mW /cm? for each. This square structure obtained by two-exposure at (o, 8) = (0°, 0°)
and (90°, 0°). The thickness of structure reached approximately 600 pym and the period

of fabricated structure is A = 20 pm.

be sure eliminating all the solvent. The samples were then stored in a black box before

exposure.

3.3.2 Experimental results

The preliminary experiments were carried out with a CW laser at A = 532 nm. Thanks
to the ultra-low absorption of SU8 at this wavelength, ultra-thick 2D square structure
is obtained with a thickness of 600 um, as illustrated in Fig. 3.6. In this experiment
the intensity of each laser beam is about 80 mW /cm? and an the sample was exposed by
10 minutes 4+ 10 minutes. Obviously, this power is higher than UV excitation source and

the exposure time is much longer. In order to restrict the influence of parameters from
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Figure 3.7: Ultra-thick PC structures fabricated by two-beam interference technique using
a high power laser source at 532 nm. The interference intensity reaches 350 mW /cm?. By
two exposures at (a, ) = (0°, 0°) and (90°, 0°), a 2D square structure was formed with a
thickness of about 150 um. Both structures shown in (a) and (b) present swelling effect

at the middle part of structure due to the thermal absorption effect of the material.

environment such as temperature change, mechanic vibration, laser power fluctuation,
etc., during the fabrication process, we have then used a high power laser source with

high beam quality, good spectral purity and good stability.

A laser Verdi V5 (Coherent Corp.) with an output power around 5W was then used
in order to decrease the fabrication time and to enhance the quality of fabricated struc-
tures. The optical setup of two-beam interference technique is the same as the one used
previously. With this high power laser, the beam size is extended to about 10 cm?. The
power of laser beam at the sample position is about 3.5W and therefore the intensity is
approximately about 350 mW /cm?, which is 55 times higher than the one used in the last

experiment. With such a laser source, uniform and ultra-thick structures are expected.

Figure 3.7 shows examples of the ultra-thick fabricated photonic structures. How-
ever, they were not uniform along film thickness as prediction. In fact, thanks to the
very low absorption of SU8 at 532 nm, the laser beam can penetrate very deeply inside
the film thickness and the intensity decreases non-significantly along the propagation.
Consequently, the structure should be uniform and consists of perfect cylindrical pillars.

However, all of the fabricated samples present swelling effect at the middle part of pillars.

o4



Chapter 3.  Optimization of thickness and uniformity of 2D & 3D microstructures

The reason of this phenomenon is probably due to thermal effect of the material at high
excitation power at CW regime. Indeed, when the sample was exposed to high energy
laser beam and at long exposure time, the molecules were heated. The thermal energy
distribution is not uniform along the film thickness. Hence, the structure is swelled in the
middle part.

This effect limits the use of high power laser for rapid fabrication of ultra-thick photonic
structures. We expect that there exists a compromise of laser power and exposure time so
that good structure of large thickness can be obtained at moderate exposure time. This

requires a long investigation and can be subject of a future work.

3.4 Conclusion

In this chapter, we have analyzed the influence of absorption effect of photoresist on
fabricated structures and demonstrated different ways to overcome this effect.

The first method was employed to improve the uniformity of PCs fabricated by UV
excitation source (A = 355 nm). In this method, one uniform and independent beam
is exposed in the opposite direction to two interfering beams. It does not modify the
interference pattern, but just compensates the fading of the interference intensity, so
that the total dose of two beams and independent beam becomes almost the same along
the film thickness. Nevertheless, the absorption of SU8 at UV range is quite high. So
this technique is only improve the thickness of structure from few pm to 25 pum. These
structures were then used in applications of frequency conversion and will be shonw in
next chapter.

The second method based on the very low absorption of SU8 in the visible range. So,
it requires a high power laser and a long exposure time. For this technique, we have used a
high-end laser (A = 532 nm, P = 5W) to decrease the fabrication time and to fabricate very
large /thick /uniform structures. The ultra-thick structures of several hundreds pm height
were obtained. But the thermal absorption effect prevents the uniformity of fabricated
structure along film thickness. We believe that this ultra-low absorption method should
be a very good way to achieve ultra-thick photonic structures, but more investigation is

required.
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Chapter 4

Formation of one- and two-dimensional

surface relief gratings

Surface-relief grating (SRG) is one kind of photonic structures that presents a period-
ical modulation on the sample surface. SRGs have a great interest due to potential
applications for erasable and rewritable holographic memory, optical sensors [115, ],
guided-mode resonant filters [117, 118|, beam splitters |1 19] and holographic beam com-
biners, etc. In this chapter, we demonstrate the fabrication of SRG based on passive and

active polymers by using the interference technique.

4.1 SRG on passive polymer

Although passive polymer (SUS8 for example) has been widely used as polymer templates

for photonic crystal (PC) devices, there exists a drawback of this material: shrinkage

effect. This causes a distortion of PCs fabricated by holographic lithography [120] leading
to a shift of the photonic stop band toward shorter wavelengths [121]. In some cases,
volume shrinkage can reach 40% free volume of the polymer network [122]. In some

situations, this problem, however, gives a possibility for fabrication of SRG structures,

which only need a modulation on the sample surface.
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Figure 4.1: Shrinkage effect of SU8 photoresist. The uncured monomers cross-link to-
gether to form polymer chains, thanks to a photo-activation or thermal annealing. This
process causes a decrease of cured volume with respect to that of uncured monomers

volume as illustrated by arrows.

4.1.1 Shrinkage effect

Shrinkage effect, as illustrated in Fig. 4.1, is a volume contraction of material when the
SU8 monomers polymerize and cross-link into a polymer network by a light exposure or
a thermal treatment. The post-exposure bake (PEB) step, which follows light expose in
holographic lithography process, finalizes the cross-link process and the shrinkage occurs
when the polymer is cooled down to ambient temperature. The percentage of shrinkage
of each type of polymer is different and depends on the exposure dosage, PEB time and
PEB temperature. The shrinkage effect can be different depending on the contact of
polymer film with the substrate. The shrinkage is isotropic if the film is separated from
the substrate. Herein, the shrinkage is an average of perpendicular and parallel shrinkages.
Whereas, the shrinkage is anisotropic if the film is in contact with the substrate, so there
is a difference between the perpendicular and parallel shrinkages. In our experiments, the
shrinkage is anisotropic because the polymer film is deposited on the substrate, and the
top surface and the perpendicular direction of the film are free. This shrinkage effect is a
well-known problem in microstructures by negative-tone resists. This is, of course, a non-
desired effect in fabrication of micro- and nano-structures. Figure 4.2 shows an example of
structure that is distorted by anisotropic shrinkage. That structure was fabricated by the

direct laser writing technique employing the idea of low one-photon absorption proposed
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5.00kV 5.7mm x1.50k

Figure 4.2: The distortion of a 3D photonic structure due to the shrinkage effect of SUS.
The bottom of structure is retained by the contact with the substrate while the top is
shrank. This structure was fabricated by low one-photon absorption based direct laser

writing technique [123].

in previous chapter. Nevertheless, the shrinkage effect sometimes becomes useful. For
example, it allows to scale down the stop band of a woodpile PC, from 1.6 ym to 1.3 pym
[121], or to the formation of SRG structure [108], etc.

In this section, we will investigate the shrinkage effect of SU8 photoresist by using an

interference technique and show how to use it to fabricate SRG structures.

4.1.2 Fabrication process

Two-beam interference technique is used for formation of SRG. First, the SU8 samples
were prepared by spin-coating method onto a clean glass substrate. The thickness of the
film depends on the type of SU8-2000 series, which possesses different viscosities, and
spin-coating parameters such as speed, acceleration and spin time. The resist films were
then soft-baked to remove the solvent.

Then, the SUS films were exposed by two-beam interference setup as presented in
previous chapter. Figure 4.3 shows the whole fabrication process of SRG based on the

shrinkage effect of SU8 resist. Two coherent laser beams are obtained from a pulsed
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(a) <+— SUS photoresist

Glass substrate

a
00 .
<+— Two-beam interference

<— Intensity distribution

|

(b)

W

E =S =33 & =3 &= «—  Mass transport effect

‘ «— SRG of SUS

<— Uniform laser irradiation

<«— Solid SU8 SRG

(d)

Figure 4.3: Fabrication process of a passive SRG. (a) SU8 photoresist is spread onto a
clean substrate by spin coating method. (b) Illumination of the sample by two-beam
interference pattern. S indicates the polarization of laser beam, which is perpendicular
to the incidence plane. € and « represent the incidence angle and the rotational angle,
respectively. (c¢) SRG is formed in phase with the intensity distribution. (d) Expose of

an uniform laser to finalize the polymerization process and a full solid SRG is obtained.
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laser source with A\ = 355 nm, 1 ns-pulse width and 150 kHz-repetition rate. For the
best intensity modulation, S — S polarization of two beams are chosen and the average
power of each laser beam is about 16 mW. The grating period can be controlled by the
angle between two beams. The shrinkage, also called mass transport effect, happens
under the intensity distribution of interference beam (Figure 4.3(b)). To finalize the
polymerization process of the exposed area, the sample is heated at PEB temperature
(95° C). The shrinkage effect appears in this step when the sample is cooled down from
PEB temperature to room temperature, and periodical modulation of surface is formed
in phase with the intensity distribution as shown in Figure 4.3(c). For fabricated PC
structures, the sample is then developed by organic developer solution. The high enough
dose areas remain while the lower dose areas, which are not reach the photopolymerization
threshold, are dissolved. However, in the case of SRG structure, in order to fully solidify
the SU8 film, an uniform laser beam (or thermal treatment) was applied to irradiate the
sample as in Figure 4.3(d). Finally, the stable SRG structure was formed after PEB one

more time and characterized by atomic force microscopy (AFM).

4.1.3 Experimental results

Figure 4.4(a) shows two-dimensional and three-dimensional views of 1D SRG structure
with large area and a period of 8 ym. Obviously, the grating is rather uniform and the
grating depth reaches around 223 nm. The peaks of grating structure correspond to the
high intensity area. Besides, 2D square and 2D hexagonal SRG structures can be also
obtained by rotating the samples at (a, ) = (0°, 90°), and (0°, 60°) associating two
exposure times. AFM and diffraction images of these structures are presented in Figs.
4.3(b) and (c). The depth of SRG structures is affected by fabrication parameters such as
exposure dosage, interference pattern periodicity and thickness of the film, etc. First, the
dependence of SRG depth on the exposure dose is investigated. Under the illumination of
interference light beams, the induced acid diffuses from the exposed to unexposed areas,
opposite to the direction of the monomers. This acid is the catalyst of cross-link process
and proportional to exposure time. Increasing the exposure time will rapidly increase
the acid concentration, therefore enhancing the cross-linking process during the PEB.

The relief height (as well as grating depth) reaches a maximum. However, there is a
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Figure 4.4: (a) AFM images of 1D SRG structure recorded in SU8 photoresist with 3D

v

view and top view. (b) and (c) are AFM and diffraction images of 2D square and 2D
hexagonal SRGs, respectively [108]. The grating depth can achieve 223 nm with a film
thickness of 21 pm.
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saturation value in which maximum SRG depth can be obtained. If we continue increase
the exposure time, the whole sample becomes solid and the SRG depth consequently
decreases. In our experiments, the best exposure time is 1,5 seconds at 32 mW of laser

power.

Thereafter, the SRG depth is observed to be changed with the period. The depth
first increases and then keeps almost the same value, because the SU8 monomers can not

participate in movement at the large period (> 10 pm).

The dependence of SRG depth on sample thickness is also investigated. The thicker
film can provide more SU8 monomers participating in the cross-linking process resulting
in larger depth. In our experiments, the maximum depth achieves 223 nm at 21 pum of
film thickness. So, to get the best grating depth, the film thickness, the grating period

and the exposure dosage must be carefully controlled.

4.1.4 Discussions

SRG can be thus fabricated on SU8 negative photoresist without development thanks
to shrinkage effect. The grating depth changes from 0 nm to 223 nm depending on the
experimental parameters. Note that, SRG structure is only formed in negative photoresist.
In case of the positive photoresists, the chemical structure of the resist changes when

absorbing the light and the resist becomes more soluble in the developer solution.

1D and 2D SRGs based on SU8 have many applications in passive devices such as solar
concentrators [124], distributed Bragg reflectors (DBR), microlens arrays [125], etc. In
these devices, microlens arrays fabricated from 2D SRGs possesses abundant applications,
and are widely used in commercial, for example, diffuser 126, |, enhancing brightness

of light-emitting diode (LED) [128] arrays, etc.

Nevertheless, these SRG structures on negative photoresist remain as passive struc-
tures, which can not be controlled by light source after fabrication. In the next section, we
present our investigation on SRG structures by use of active polymer, such as DR1/PMMA

copolymer.
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Figure 4.5: The movement of DR1-molecules throughout the photoinduced isomerization.
The trans-form changes to cis-form thanks to a photo-excitation. After relaxation back

to the trans-form, the molecules move by a distance L.

4.2 SRG on active polymer

DR1/PMMA copolymer has attracted great attention over the years for applications in
optical storage, nonlinear optics, etc., thanks to the photoinduced orientation of azoben-
zene groups due to trans <= cis isomerization. This interconversion isomers causes
rotation of DR1/PMMA molecules. Moreover, when DR1/PMMA is irradiated with a
light interference pattern, it could induce not only an alignment of the chromophores but
also a modification of the film surface. This effect is then used to form the SRG structures

in copolymer by interference technique.

4.2.1 Mass transport effect

Besides the light-induced trans <= cis isomerization effect, another phenomenon was
observed in DR1/PMMA azopolymer, namely a light-induced molecular displacement
(or mass transport effect) when it is irradiated by a modulated light. It occurs on the

polymer-free surface and leads to the formation of surface reliefs. The SRG inscription
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process is described as follow: At the beginning of the process, as expected, a volume
hologram is created by alternating domains of different refractive indices, produced by
the photoinduced orientation of the DR1 groups. However, after few seconds, another
unexpected phenomenon starts taking place: massive movement of the polymer material,
creating micrometer-depth SRGs. This effect is simultaneously discovered by Rochon [52]
and Kim [53] in two independent researches when the thin films were irradiated with
a periodically modulated pattern from polarized laser beams at a wavelength near the
absorption band of chromophore. Different from SU8 photoresist, copolymer-based SRG
has a negative amplitude. This means the position of maximum peak corresponding to
minimum of interference intensity distribution.

The formed SRGs are stable when the polymers are kept below T, until to appear
external stimuli. Heating the polymer films above T}, could erase the gratings and re-
trieving initial surface in some cases. Despite many years of research effort, the origin
of mass transport effect remains unclearly. Many models have been proposed such as:
pressure gradient force model [129, 130], mean-field theory model [131, 132], asymmetric
diffusion model [133], etc. Each model solves a part of issue. The anisotropy of photoin-
duced translation diffusion model, which considers the bulk diffusion of the molecules, can
explain well SRGs formation of small molecules. Figure 4.5 describes the translation dif-
fusion of DR1-molecules throughout the photoinduced isomerization. At the stable form
(trans-form), the chromophore absorbs the light and converts to cis-form. After that it
thermally relaxes back into trans-form with a translation diffusion of a distance L. Gen-
erally, we can generate arbitrary structures, not limited in grating structure, by using the
appropriate fabrication method. The modulation of SRG depends strongly on the inten-
sity and polarization distributions of incident light. In this dissertation, we have used the
two-beam interference technique in generating 1D sinusoidal modulation on the surface
of DR1/PMMA film. The surface structure and grating depth can be easily controlled by

changing the angle between two interfering beams and the exposure time.

4.2.2 Sample preparation and experimental setup

The samples were prepared by spin-coating method. DR1/PMMA (30/70 of molecules

weight ratio) commercial powder was dissolved in TCE (trichloroethylene) solution and
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Figure 4.6: Experimental process used for formation of SRG structures. (a) The uni-
form DR1/PMMA film spread in a glass substrate before exposing. (b) Illumination of
DR1/PMMA film by two-beam interference technique. The molecules will move from high
intensity irradiation to low intensity irradiation. The SRG is formed with the same phase
as the intensity distribution of the interference pattern. (c) SRG is then characterized by

AFM method.

stirred for 24 hours. Then it was spread onto the glass substrate. The thickness of the
films depends on spin-coating parameters and can reach 1.5 ym at 3000 rpm of spinning
speed. After that, they were soft-baked in an oven for 2 hours at 120°C to eliminate the

solvent.

The absorption band of DR1/PMMA copolymer is from 300 nm to 570 nm with
an absorption peak at 480 nm. We, therefore used a green laser with A = 532 nm
to inscribe the 1D SRG structures by two-beam interference technique, as illustrated
in Figure 4.6. The samples were then characterized by optical microscope and AFM
methods. To fabricate SRG and to dynamically monitor their formation, a modified
two-beam interference setup is built and illustrated in Figure 4.7. Two coherent beams
are separated from one laser source, A = 532 nm. Their polarizations are controlled
by different wave plates. The original linear polarizations of two beams were changed
to circular polarization, or to S-polarization and P-polarization by quater-wave-plates
and half-wave-plates, respectively. The grating period can be controlled by changing
the 6 angle between two interfering beams. In order to monitor the dynamics of SRGs

formation, a probe laser (A = 633 nm), which is out of copolymer absorption band, is sent
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Figure 4.7: The SRGs formation by two-beam interference technique is continuous moni-
tored during the fabrication process by a probing laser. The grating period is controlled
by the angle . The polarization of two interfering beams are changed by two different
wave plates. A powermeter is used to measure the first diffraction order from a probe

laser (wavelength A = 633 nm).

to the interference area, and the first-order diffraction spectra will be captured. This probe
beam will be turned on from the beginning of SRG formation process. Its polarization is

TE mode and its power is fixed at 1 mW.

In principle, different configurations of SRG such as: 1D, 2D square, 2D hexagonal
can be fabricated with multi-exposure two-beam interference technique. However, we
note that, due to the mass transport effect, the shape of fabricated 2D structures is
not symmetric. This asymmetric problem can be corrected by employing three beams

interference technique, as it will be presented later.
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L

Figure 4.8: AFM image of 1D SRG fabricated by one expose of two-beam interference

400 nm

pattern. The grating depth achieves 400 nm.

4.2.3 Experimental results

4.2.3.1 One-dimensional SRGs

Figure 4.8 shows the AFM image of 1D SRG structure fabricated by two-beam interference
method. A large area and uniform SRG was obtained with 400 nm of grating depth after
exposing with 40 minutes. In contrast to the SRG on SUS8 polymer, the position of
maximum height of SRGs in DR1/PMMA film corresponds to the minimum intensity of
the interference pattern. This indicates that the DR1 molecules move from high intensity
to low intensity area by mass transport effect.

In order to obtain good quality SRGs with small period and large grating depth,
the influence of fabrication parameters was then investigated. Firstly, the dependence
of SRG formation on the polarization configurations of the writing beams is considered.
Four polarization configurations including S-S, P-P, S-P and RC-LC (right circular and
left circular) are tested while other parameters such as grating period (1.7 pm), and
irradiation intensity (84 mW /cm? ) are kept constant. The results show that the circular
polarization (RC-LC polarization) is the best for grating formation [108]. Whereas, the
S-S polarization, which enables the best efficiency in case of SRG based SU8 photoresist, is
the worst case in DR1-PMMA-based SRG. The grating depth is only few tens nanometers
by using this polarization configuration.

Secondly, the depth of SRGs varies as a function of SRGs period. The experimental

results indicate that the best SRGs amplitudes were obtained with structure whose period
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lying between 1,5 ym and 3 pum of grating period (A). The optimum period is due to
the movement distance of the azobenzene group under the light illumination, as shown
in Figure 4.5. The movement distance of azo molecules can not match with A in case
if the period is larger than 3 pm. While the diminution of SRGs amplitude in case
of smaller period (1,5 pm) is due to the overlapping movement between highest and
lowest intensities. Note that due to the mass transport process in SRG occurs slowly,
the exposure time normally requires 40 or 60 minutes at 84 mW /cm? of beam intensity.
Changing this value shows that, below the photobleaching threshold, the SRG depth
increases proportionally with the rise of writing beam intensity. However, the quality of
SRG becomes poor. Thus, it should be better to realize SRG at lower intensity range as
well as long exposure. Note also that, the depth is only limited to about 30 % of film
thickness. To optimize the diffraction efficiency and the modulation depth of the SRGs,

an assisting beam, which allowed to enhance the cycle trans - cis - trans, is added [108].

Indeed, the trans <= cis isomerization process is considered as an essential condition
for the SRG formation. So, the enhancement of this process could improve the formation
of SRGs. Herein, we investigated two different assisting beams. At the VIS wavelength (A
= 532 nm), the absorption of trans-form is higher than cis-form. Whereas, the absorption
of cis-form is higher than trans-form at UV wavelength (A = 355 nm). The experimental
setup is shown in Figure 4.9. In the two-beam interference setup, an assisting beam,
which propagated in perpendicular direction to the sample surface is added. Different
polarizations of writing and assisting beams were studied to find out the best configuration
for SRG formation. Besides, all experimental parameters and sample parameters were
fixed, for example, the writing beam intensity at 8 mW /cm?, the probe beam intensity

(A = 633 nm) is at 1.8 mW, the film thickness is 1.4 pm and the grating period is 2 pm.

In the case of UV beam assisted, the cis-form is supported to return back to the trans-
form. Therefore, the speed of cycle trans = cis = trans is increased. The grating
depth is improved by 12 times, from ten nm to 120 nm when the writing and assisting
beam have the same S-polarization. But the maximum grating depth achieves 410 nm by
using a circular polarization of writing beams. The role of assisting beam, in this case, is

not efficient.
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Figure 4.9: (a) Optical arrangement of two-beam interference experiment with an incoher-
ent assisting beam. Two green (VIS) beams interfere on the surface of the DR1/PMMA
and an assisting beam comes into sample at normal incidence. (b) Different possibilities

of polarizations configurations of writing (VIS) and assisting beam (UV or VIS).
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Chapter 4. Formation of one- and two-dimensional surface relief gratings

With VIS beam assisted, the trans-form transfers to the cis-form simultaneously with
the absorption of interference pattern. The grating depth increases 8 times from ten
nm to 80 nm, when writing beams possess S-polarization and assisting beam possesses
P-polarization. However, the best grating depth, in this case, reaches 200 nm at P-
polarization of writing beam and S-polarization of assisting beam. Although VIS assisted
beam has less enhancement than UV assisted beam, it is still interesting for SRG fabri-

cation thanks to the use of a simple and compact fabrication setup.

4.2.3.2 Two-dimensional SRGs

The mass transport effect prevents the symmetry of SRGs when applying multi-exposure
two-beam interference technique [1341]. To overcome this drawback, a tri-prism allowing
to fabricate a 2D hexagonal SRG with one-exposure is utilized. The experimental setup
is similar to the one used in chapter 2 and is presented in Figure 4.10(a). The tri-prism
separates one laser beam (A=532 nm in this case) to three coherent beams, which are then
recombined on the sample surface. In this case, only circular polarization was used for all
beams. Uniform and symmetric 2D hexagonal SRG is presented in Fig. 4.10(b) with a
period of 1.2 pm. Figures 4.10(c) and (d) show surface modulation and diffraction image
of fabricated SRG, respectively. The diffracted spots are clear and symmetric. We note
that this symmetry depends strongly on the relative intensity of three interfering beams.

Only a small difference of their intensities, the SRGs will be deformed.

4.2.4 Conclusions and Discussions

In this chapter, we have fabricated SRGs basing on two kinds of materials: passive SU8
photoresist and active DR1-PMMA copolymer. The mechanisms of SRG formations are
different. Shrinkage effect is a key of SRGs on SU8 photoresist, in which materials move
from low irradiation intensity to high intensity areas. In contrast, SRGs formation on
DR1/PMMA is due to the mass transport effect, in which the polymer migrates from re-
gions of high intensity to regions of low intensity. For each case, the dependence of grating
depth on fabrication parameters such as dosage, interference periodicity, polarization, etc,
was investigated in details.

SRGs based-passive polymer makes the shrinkage effect becoming useful. Both 1D and
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Figure 4.10: Realization of 2D periodic and symmetric SRG structure by one exposure of
three-beam interference pattern. (a) A large and uniform laser beam comes into a multi-
surface prism and it is devided into three sub-beams corresponding to surfaces denoted
as Ay, Ay, and Aj, respectively. Three beams are overlapped at an area in which a
DR1/PMMA film was placed for the fabrication. (b) SEM image of a 2D SRG structure
produced by three-beam interference with circular polarizations configuration. (c) Surface
modulation along three particular directions, as shown in (b), of the fabricated 2D SRG

structure. (d) Experimental diffraction pattern of the fabricated 2D SRG structure.
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Chapter 4. Formation of one- and two-dimensional surface relief gratings

2D SRGs are easy to be fabricated by multi-exposure two-beam interference technique
without developing process. However, the best grating depth reaches only 223 nm and
SUS8-based SRGs are only applied for passive devices, for instant, microlens arrays, LED,
etc.

Active polymer based SRGs are more interesting due to the potential application in
both linear and nonlinear optics. Due to the mass transport effect, active SRGs were
fabricated by one-exposure multi-beam interference technique. By controlling the polar-
ization of laser beams, our method allowed achieving SRGs with rather good diffraction
efficiency and grating depth. The best case allows a SRG with 410 nm depth. These
gratings are good candidates for applications in photonic devices such as: waveguide cou-
plers, filters, polarization discriminators, etc [135, |. Besides, fabrication of 3D SRGs
is still a challenge, which requires further study and combination of multiple SRGs.

One of the most interesting applications of active SRGs is enhancement of the nonlinear
optics signal in waveguide resonance grating structures, which will be investigated in the

next chapter.
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Chapter 5

Realization of quasi-phase-matching
structures and application for

second-harmonic generation

5.1 Introduction

After the first observation of the second-harmonic generation by Franken and co-workers
[34], the nonlinear optics domain became a major theme in physics research, for both
basic and applied aspects. Nonlinear optics offers a host of fascinating phenomena such
as: frequency mixing processes, self-focusing, multi-photon absorption, etc. Nowadays,
frequency mixing or coupling between different frequencies is a common tool to create
new light. Double frequency (also called second-harmonic generation (SHG)) is one of the
most important applications of frequency mixing. With this technique, one can generate
a coherent radiation at frequencies shorter than that of available lasers. In SHG the input
wave (or fundamental wave, w) generates a nonlinear polarization wave, which oscillates
with twice the frequency (2w) of the input wave (or half the wavelength of the input wave).
To achieve an efficient second-harmonic signal output at the end of a nonlinear crystal, it
is important that these nonlinear polarization waves propagate in phase. However, SHG
is a phase sensitive process and the optical dispersion of crystals gives rise to different
phase-velocities between interacting light waves with different frequencies. In other words,

the refraction index decreases monotonically as a function of wavelength (or increases as a
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function of frequency). This makes phase matching impossible in most frequency mixing
processes. Therefore the frequency conversion efficiencies are small when phase matching

does not occur.

Many methods have been proposed for phase matching purpose, e.g., birefringent
phase matching [137, 138], modal phase matching [139, 110], achromatic phase matching
[141], and quasi-phase matching (QPM) [35, 36]. For the first twenty-five years of non-
linear optics, the employed dominant method was birefringent phase matching (BPM).
Indeed, birefringent materials have different refractive indices for different polarizations.
Therefore, the difference in phase velocity between interacting light waves with different
frequencies due to dispersion is balanced. However, this technique has certain drawbacks.
For example, it is only applied for birefringent materials whereas not all nonlinear mate-
rials display birefringence, and it is very sensitive to temperature, and presents a walk-off
effect, etc. Besides, QPM technique has numerous advantages, for example, high con-
version efficiency of nonlinear interactions, no walk-off, and applicable for all nonlinear
materials. QPM is nowadays the method of choice for high-efficiency frequency conver-
sion. In QPM structures, the sign of the second-order nonlinear susceptibility, Y, is
spatially modulated with an appropriate period, whereas the first order susceptibility,

¥, remains spatially constant.

Originally, the QPM structures were proposed to 1D geometry and applied mainly to
waveguide devices [112—-115]. These 1D QPM structures are easier to produce and are
now commercially available. However, due to a single modulation period, 1D QPM can
not be used for frequency conversion of multiple waves at the same time. Berger [35]
suggested to extend the QPM method to 2D structure. 2D QPM structures possess more
abundant reciprocal lattice vectors (RLV), allowing multiple nonlinear process in different
directions. Since then, a great amount of theoretical and experimental works have been

done on 2D QPM structures [10, 411, 43, 116-118].

In principle, QPM technique can be applied for all nonlinear materials. The most
difficulty of QPM technique is the fabrication of such structure at micrometer scale. De-
pending on the nonlinear process and the employed material, an appropriate technique
can be used. For ferroelectric crystals, the periodic domain inversion can be easily real-

ized by electron-beam poling [119], electric-field poling [150] or high-voltage atomic force
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Figure 5.1: (a) Second-harmonic generation (SHG) effect. Two photons of the same
frequencies, w, are sent to a nonlinear material possessing a nonlinear susceptibility, y(?,
L is the length of nonlinear crystal. The new light (double frequency 2w, or a half of the
wavelength) is generated along the propagation of fundamental wave w. (b) Ilustration

of the energy levels diagram of SHG process.

microscope (AFM) [151], etc. Orientation pattern of periodically poled in semiconductor
film, such as GaAs, utilizes all-epitaxial techniques [114]. Nonlinear polymer materials
have received particular attention due to their large nonlinear coefficients and it is easy
to process these materials into optical devices. Many techniques have been employed in
recent years to obtain polymeric periodic poling structures such as photobleaching [152],
direct laser writing [153, 154], two-beam interference [155], and all optical poling [156].
In this work, we demonstrate a versatile method to fabricate desired 1D and 2D QPM

structures on polymer materials, and investigate their use for efficient SHG.

5.2 Theoretical analysis

5.2.1 Second-harmonic generation (SHG) effect

All materials present a nonlinear response when exposed to high enough light intensity.
It is the reason that the nonlinear optical effects were discovered in 1961 soon after the
invention of the laser in 1960.

Applying the electromagnetic fields, each wave has a wave vector k;, and oscillates at

frequency w; (5 = 1, 2, 3, ...), onto a nonlinear material, the molecular dipole moments
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5.2. Theoretical analysis

are induced. The total electric field inside the nonlinear crystal can be express as:
E(r,t) =Y Aj(r,w)e " 4 cc. (5.1)
J

In case of sufficiently high intensity, the induced polarization, which is defined as the
induced dipole moment per volume unit, consists of a linear (P) part and a nonlinear

(Pni) part:

P=P,+Pns

= exVE+) P (rw),
i

(5.2)

where r is the coordinate vector, ¢ is the permittivity of free space, and x" is known
as the linear susceptibility. The new electromagnetic field could be generated by the
nonlinear part of the induced polarization. Starting from Maxwell’s equations and by
using the slowly varying amplitude approximation, the final linearized equation for the

field generated by the induced polarization is governed by:

dAj(r, Wj) . Wy NL —ik;
— P o y v Jr .
. ZQeocnj j (r, wj)e , (5 3)

where c is the velocity of light in vacuum, n; is the refractive index of material for j-wave.

We will focus on the SHG (5 = 1, 2, 3, and w; = wy = w, w3 = 2w), an important
phenomenon in nonlinear optics. Assuming that the plane waves propagate along the
z-direction, as shown in Figure 5.1(a). The SHG process is governed by the second-order

polarization:

P%(2,1) = 2e0x? (2w, w, w)E* (2, t)E¥ (2, 1). (5.4)
The coupled-amplitude equations in this case are:

dA(w)  dAs(w)  iwx®

7 T T o At (w)As(2w)e'™ (5.5)
dAs(2w)  iwy® AR
Zz = o Af(w)e2, (5.6)

where A;(w) = As(w) is the amplitude of the fundamental waves, A3(2w) is the amplitude
of the second harmonic (SH) wave and n,, and ny,, are the refractive indices of the nonlinear

medium at the wavelength of the fundamental and SH waves, respectively. Using the
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parametric approximation, the intensity of SH wave can be calculated by:

N9, C€EQ

2

= T2d2; ;I22% sin ¢*(

Ly, = | A5 (2w, z)|?

Ak:z> where I' = 8” o0

2 3
n;,NawC €

As we see in Eq. (5.7), the SHG efficiency depends on many parameters, for example,
the nonlinear coefficient d.;; (or @), the intensity (I,,) of fundamental wave, the length of
nonlinear crystal (z), etc. The most important term that affects the nonlinear conversion
is Ak, which appeared in the function "sin ¢?(Akz/2)". Ak is called wave vector mismatch
(or phase mismatch), which is caused by the dispersion of the nonlinear material and is

determined by:

Ak = ko, — 2k,
4T T (58)
- T<n2w - nw) = Z?

where k,, and ko, are the wave numbers at the fundamental and the SH waves, respectively,
and . = \/4(ng, —ny) is the coherence length. To maximize the SHG intensity, we must
set Ak = 0 (perfect phase-matching). This phase-matching condition is only achieved
when ng, = ng,.

For any medium, there always exists the dispersion effect, so that the fundamental and
SH waves travel at different phase velocities, resulting is an inequality no, > n,,. Therefore
the perfect phase matching condition, Ak = 0, is generally impossible. As mentioned
before, by using the birefringent property (BPM technique) of certain materials, the
phase-matching condition can reached.

Nevertheless, not all crystals display birefringence property. For isotropic materials, we
never get no,, = n,. Besides, the low nonlinear coefficient is also a drawback of the BPM
technique. In contrast, the QPM technique allows to overcome all these problems. This
technique was theoretically proposed one year after the discovery of SHG but it was not
used due to difficulties in fabricating microstructures. In the late 1980s, the advent and
rapid evolution of lithographically controlled patterning led to a revolution in fabrication
of desire QPM structures on nonlinear materials. The QPM, therefore, has become an

easier and more efficient way to enhance the efficiency of nonlinear interactions.
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5.2.2 Quasi-phase matching (QPM) technique

The different phase velocities between the waves due to the dispersion of the material
leads to the continuous phase slip between them. This effect is illustrated in Figure
5.2(a) and called mismatching. The blue arrows indicate the phasors corresponding to
the complex amplitude contributions from different parts of the nonlinear crystal to the
harmonic wave. The inverted phase after each coherence length leads to the alternation
in the direction of the power flow and resulting in destructive each other. The frequency
conversion efficiency is therefore very low. QPM technique, as shown in Figure 5.2(b),
though does not allow to achieve a perfect phase matching but it allows to compensate
the mismatching effect, resulting in an increase of SH signal along the propagation of the
fundamental wave. Herein, the sign of the nonlinear susceptibility (x(?) of the material is
reversed every coherence length. The modulation period of Y is therefore double of the
coherence length (A = 2[.). Nevertheless, inverting the sign of the nonlinear susceptibility
requires complex technique and consuming energy. Another way, called QPM-particular
can be also used, as shown in Figure 5.2(c). In this configuration, the modulation of
nonlinear coefficient is +/0/ + /0/+ instead of +/ — / + / — /+ of traditional QPM.
Figure 5.2(d) presents the SH signal as a function of nonlinear crystal length. In the
perfect phase matching (blue curve), the SH signal increases quadratically as a function
of the crystal length. The SH signal of QPM structure (red curve) is also fast, but,
not as quickly as that of perfect case. Specially, the QPM-particular (green curve) case
only reaches 1/7? efficiency of perfect case but it is widely used due to the simplicity in
fabrication.

The theory of QPM has been discussed by many groups. Based on the research
reported by Fejer [35] on 1D QPM and Berger [38] on 2D QPM, the calculation for QPM
structures can be expressed as follow. Applying a quasi-plane-wave on QPM structure,

the SH field can be generated and represented by:

1 )
Eay(r,t) = 5A%(1~)el<2wt*k2w1”> + c.c, (5.9)

where r = z in the 1D QPM case and r = (z,y) in the 2D QPM case. The couple-

amplitude equation is calculated by:

dAs,
dr

w? ,
= —2@'?/13})((2)(1')6’&“. (5.10)

80



Chapter 5. Realization of quasi-phase-matching structures and application for
second-harmonic generation

41, 41
— R 0
3L 3L 3L
—_— —_— —_ —_—
(Y7 w1
c t ¢ E 112
\ E, o
—_— - Akz /Akz:n 0 Akz=ir\
L \ L ,
1)z e 12
3 0 QAkz 0 \"*u.._ i}Akz
7@ o) xX? " k=2
(a) Mismatching (b) QPM (¢) Particular - QPM
A .
(d) Phase matching
QPM

=

e

2 QPM-Particular

g2

=

2

8=

T

%)

Mismatching
1 | m 1 —m L -
0 1, 21, 31, 4lg Slg 6l
Length of crystal (a.u)

Figure 5.2: Nonlinear optical property of nonlinear materials. (a) The mismatching case,
no x® modulation. The SHG signal is canceled after one period of 2l.. (b) The modu-
lation of Y in QPM structure leads to a rapid growth of the SH field along the prop-
agation. (c) Particular-QPM, the modulation of the nonlinear coefficient in between a
non-zero value and null nonlinearity allows phase matching with smaller efficiency than
conventional QPM case. Although, it is easier in fabrication and was applied for polymer
materials. (d) The dependence of SH intensity on the length of nonlinear crystal for all

cases: mismatching, perfect phase matching, QPM and particular-QPM.
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For each case, 1D QPM or 2D QPM, this equation has own express.

5.2.2.1 One-dimensional QPM structures

In one-dimensional case, the QPM structure is only considered along z-axis. The nonlinear
crystal is divided in different domains. Each has own sign of nonlinear coefficient, +d.g

(deg = x¥/2). The coupled-amplitude equation (5.6) can be written as follow:

w AQ (2) —iAkz _ I'd —iAkz 511
T L) (e85, (511)

where d(z) is the spatially varying nonlinear coefficient. For perfect conventional phase
matching: d(z) = deg-
Assuming that the length of the nonlinear crystal is L, the amplitude of SH wave at

the end of this crystal can be calculated as:

L
Ao, (L) = F/ d(z)e "=z, (5.12)
0
or N
irde —1Akz; —1Akz;
As(L) = Akﬂ Zgj[e Akzj _ gmidkz—1] (5.13)
j=1

where N is the number of domains, g; is the sign of d(z;) and z; is the coordinate of the
4™ domain. The sign changes in a perfect structure at position z;, which is chosen to
satify

e~ Ak0z0 = (—1)7, (5.14)

where Akg is the wave vector mismatch at the fundamental desired wavelength. Besides,

we have:
® 2,0 = mkl., for the symmetry of odd-order QPM
e 20 =[mj+ (—1)]l., for the symmetry of even-order QPM

where m is the order of QPM.
Substituting (5.14) to (5.13), we obtain the output field as:

iTd.g
Au(l) = Ak

2N (5.15)
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For a perfect structure N = L/ml. = LAk/mm, Eq. (5.15) becomes

2
Aso(L) = ildeg—1L (5.16)
mm

and the SHG intensity is calculated by
4

m2n2’

Lyu(L) = |As(L)[* = TdggL*

(5.17)

We can see that the SHG intensity in QPM structure is reduced by a factor 4/m?n?,
as compared to that of a perfect conventional phase matching. However, in practice, the
QPM technique allows obtaining better conversion efficiency, because we can choose a
best orientation of nonlinear crystal (highest (), which is difficult with BPM technique.
In QPM technique, the factor is optimized at the first-order of QPM, corresponding to
m = 1. The conversion efficiency therefore is more efficient. Moreover, it is affected by
other parameters such as: duty cycle, the period error, etc. The duty cycle, D = /A is
the ratio between the negative area (or positive) and the period of QPM structures. The
optimum value of D is demonstrated to be 50% for the odd-order of QPM [35]. Normally,
the fabricated QPM structures are not perfect. The grating period, the fundamental
wavelength, the angle between the grating vector and the fundamental wave vector, and
the temperature have an acceptance bandwidth in which the conversion efficiency remains
high. All of them were studied in very detail by Fejer et al. [35].

Although conversion efficiency in QPM structures is rather good, the fabrication of
+deg/-deg modulation seems complicated. Another technique called QPM-particular is
proposed and widespread used, though its conversion efficiency is lower than QPM, due to
the fabrication technique and the potential applied in polymer materials. In the particular
case, which illustrated in Figure 5.3(c), the nonlinear coefficient is modulated by +d.g/0.
In this case, the output field is given by

1lder
Ak

1
As(L) = N = iTdeg——L, (5.18)

therefore, the SHG intensity as

1

_ 172,32 2
Ioo(L) = T dL?— .

(5.19)

The SHG intensity in this case is reduced by a factor of 1/m?m? as compared to perfect

phase matching.
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Various 1D QPM structures have been achieved by modifying period or structures
of nonlinear crystals and employed for different applications. For instance, dual-periodic
optical superlattice structure was applied for OPA (optical parametric amplification) and
OPO (optical parametric oscillator) [157], fan-out structure was applied for tunable blue
laser [158], etc. Moreover, the use of quasi-periodic gratings allowed to have simultane-
ously multiple SHG [159-162]. Alternatively, 2D QPM provides greater flexibility and

allows simultaneously realization of several frequency conversion processes.

5.2.2.2 Two-dimensional QPM structures

2D QPM structure becomes the object of huge amounts of theoretical and experimental
studies over the last few years, after the first proposal of Berger in 1998 [38]. It is indicated
that SHG signals can be generated simultaneously in different directions in the plane of
2D structure. The efficiency of 2D QPM processes are proportional to the corresponding
2D Fourier series coefficient, which depends on the filling factor. It is also demonstrated
that multiple wavelengths generated by 2D QPM structure are more interesting than
quasi-periodic 1D QPM structure.

To calculate the SHG conversion efficiency in 2D QPM structure, we assume that a
linear polarization fundamental wave (w) propagates in the transverse plane of the struc-
ture and generates a specific linear polarization SHG wave (2w). The coupled-amplitude
equation in this case is governed by:

dAZw
dr

2
w .
= —2i— AZX O (r)elhow ko), (5.20)
Since the nonlinear susceptibility is periodic it can be written as a Fourier series,

YP(r) = Z K - € Gmn T mon €7 (5.21)

where Ky, is the Fourier coefficient. Gy, , is the reciprocal lattice vector of the structure,

which is defined by two reciprocal lattice vectors as:
Gm,n = mb1 + nbg, (522)

where (m,n) represents the QPM order, and by and by are the reciprocal lattice vectors.
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Figure 5.3: 2D rectangular QPM structure. (a) The primitive vectors of real lattice (ay,
as) and the reciprocal lattice vectors (27/A,, 2m/A,) are used to identify the Fourier
coefficient (G, ) of the nonlinear susceptibility. The nonlinear conversion efficiency de-
pends on this coefficient. (b) Illustration of different values of reciprocal vectors allowing

multiple QPM processes.
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Insert x? expression in Eq. (5.20), the SH field appears to be related to a sum of
expli(kaw — 2k, — Gypn)r]. The QPM condition is now

Koo, — 2ko, — G = 0. (5.23)

Assume that the structure is rectangular with area a(r), length L and width W. The
SH amplitude after an interaction length of L, with considering the zero of g(r) outside

the QPM structure, and the integration area a(r) = rect(z/L) - rect(y/W), is

—2iw?E2d;;
As,(Ak) = ;:’CW J / / L r)exp 2 da

—ZWE dij
— e U G(AK
oy G AL,

(5.24)

where ¢(r) is a normalized and dimensionless function representing the space dependence

of the nonlinear coefficient function and G(Ak) is the 2D Fourier transform of g(r).
Assume that the phase matching, Ak, ,, = Ak — G,,,, = 0, can be reached at (m,n)

QPM order. The SH intensity after an interaction length L is calculated by:

2w2d2 |Gy ]?

annac%o

L, (L) = 212 (5.25)

As we can see, for the 2D case, the Fourier coefficient is G, , whereas in 1D case, this
coefficient is G,,,. The interaction efficiency is proportional to the absolute square of the
Fourier coefficient and we consider this as the normalized efficiency.

Figure 5.3(a) shows the rectangular QPM structure with primitive vectors of the real
lattice (a;, az) and the reciprocal lattice vectors (b; = 27/a;, by = 27 /ay), respectively.
Three vectors k,, ko, and Gy, ,, may be collinear or noncollinear to others. The SHG is
therefore formed in different directions for a given fundamental wavelength. Figure 5.3(b)
shows the different phase-matched directions corresponding to different orders of G, ,, of
the nonlinear susceptibility in the 2D rectangular lattice.

The Table 5.1 shows the Fourier coefficients for five possible 2D lattices of circular
motif and rectangular motif [163]. These two motifs represent two basic cases of 2D
modulation of the nonlinear coefficient. The circular motif is suitable for materials that
are nearly isotropic in the (xy) plane. The rectangular motif is suitable for strongly
anisotropic materials. We can see that for each type of lattice, there are some QPM orders

providing significantly higher conversion efficiency than the neighbor orders. Moreover,
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Fourier coefficient of a (a) circular motif and (b) rectangular motif

Lattice types Fourier coefficients

(a) Fourier coefficient of a circular motif

Hexagonal Gmn = 2R J1 (:’:/13\/ m? +n2 + mn)

ax/ m2+n2+mn
Square Gmn = J (27: RVm2 +n )
q mn m 1
2 2
Rectangular Gmn = %Jl ZnR\/( 1) + (%)
y/ (maz)“+(nay)
2R-2
Centered-rectangular Gy = P v cos;(:/s_y“mn p— 2 ( azs’l'fy V/m? + 4n2 cos? y — 4mn cos? y)
. 2 )
Oblique Gmn= — I (Sin 2R \/ m282 L 8 2 cos y)
Jajay \/—2+—1—2mncosy
(b) Fourier coefficient of a rectangular motif
Hexagonal Gmn = 42X j_ sinc ( X ) sinc [Lf (m+ 2n)]
Square Gmn = 2X 2XY Ginc ( ‘Zf ) sinc (n%)
_ 2XY X Y
Rectangular Gmn = ) smc( a; ) s1nc( az)

Centered-rectangular Gy = af'fTszinc (m %) sinc [ ataY.ny (—m+ 2n)]

Oblique Gmn = a—-—lZfS{nysinc( z)smc [smy ( maclosz + )]

Table 5.1: Fourier coefficients of two different motifs of 2D QPM structures. (a) Fourier
coefficient of a circular motif. This motif is suitable for materials that are nearly isotropic
in the zy plane. (b) Fourier coefficient of a rectangular motif. This motif is suitable for
strongly anisotropic materials. For each case, five different types of Bravais lattices are

listed [163].
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this efficiency also depends on the filling factor, lattice periodicity or the propagation

angle inside the structures.

In early experiment of QPM, ferroelectric materials such as LiNbOg, LiTaO3, KNbOg,
KTP, etc., were used for enhancement of SHG signal [150, ]. The most common
method to achieve the periodically modulated structures of ferroelectric domains, which
related to the polarization and the sign of nonlinear coefficient, is electrical field poling
technique. In this method, mask lithography is used to create a periodic pattern on a
photoresist layer, which was deposited on the sample surface. Then, a thin metal film
is evaporated on the pattern surface. The high poling voltage is then applied to reverse
the sign of nonlinear coefficient. This technique depends on numerous factors during the
whole patterning and poling processes such as the quality of the mask, the material used
for the electrode, the control of the rise and fall time of the voltage, etc. The domains
sometimes are not homogeneous over the depth of crystal. Nowadays, the fabrication
techniques and the materials were well developed and optimized. Besides, the nonlinear
polymer materials with large nonlinear-optical susceptibility, easy to tailor for specific
properties, become more interesting for QPM applications. Various techniques have been
employed to fabricate periodically nonlinear coefficient structures in polymer materials
such as pulse-poling procedure [165], photo-thermal poling principle [166], direct laser
writing [153], and two-beam interference [155], etc. Similar to the case of 1D QPM
structures, 2D polymeric QPM can be realized with a the periodical modulation between
non-zero value and null nonlinearity (+d.ss/0), which is again called 2D particular-QPM.
This case has lower conversion efficiency than that of the conventional QPM structure
but it is simpler and easier for fabrication. Several methods are developed to fabricate
2D particular-QPM structures such as direct laser writing, photobleaching, interference,
etc. In this thesis, we propose an alternative method, interference-based, to fabricate
particular-QPM structure in 1D and 2D configurations. For 3D structure, in general,
some theoretical explorations were carried out [14, 15|, but, unfortunately, the fabrication
of 3D QPM structures is extremely difficult and till now almost no successful work has

been reported.
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5.3 Realization and characterization of QPM structures

using DR1/PMMA nonlinear material

To optimize the SHG signal by using QPM structures, we fabricated SU8-based photonic
structures with a modulation of x(!) by interference technique and then filled the nonlinear
material DR1/PMMA into these structures with a purpose of creating a modulation of

x?). These structures now become particular QPM structures with a periodic modulation

of x®: @ /0/x2) /0 /.

5.3.1 Sample preparation

The period of 1D QPM structure was calculated as a function of fundamental wavelength

and the refractive index of fundamental and SH wave [35]. It is given by

mA,

S ey (5.26)

Agpym =

where m is the QPM order, Agpys is the Y@ grating period, and ), is the fundamental
wavelength.

Figure 5.4(a) shows the refractive index of SU8 and DR1/PMMA obtained by el-
lipsometry measurement. This is an optical technique for investigating the dielectric
properties such as refractive index, thickness, composition, etc. The ellipsometric param-
eters @, the amplitude component, and A, the phase difference, associate with Snell’s law
leading to calculate the index of refraction as a function of wavelength. The refractive
index of SU8 changes very little along the wavelength range from 0.6 pm to 2 um. While
the nonlinear material DR1/PMMA shows an evident dependence of refractive index on
the wavelength, especially in visible and near-infrared ranges. From Eq. (5.26) we seen
that the relationship between the coherence length (I. = A/2) of the polymer domain
with An, the difference refractive index at fundamental and SH waves (An = ng, — ny,)
is inversely proportional. Hence, the larger difference of refractive indices, the shorter
coherence length.

Another parameter affects the conversion efficiency of QPM is duty cycle (D), which
is determined by the ratio between the period (A) and the positive section length (I). The

calculation of Fejer et al. shows that the optimum value for duty cycle is 50%. As well
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Figure 5.4: (a) Refractive indices of SU8 photoresist and of copolymer PMMA /DRI,
measured by ellipsometry. (b) Illustration of 1D QPM structure, where Agpas, le1, le2 are
the period, the length of SU8 and the length of DR1/PMMA domains, respectively. (c)
The period of 1D QPM structure is calculated as a function of fundamental wave. If the
wavelength of fundamental wave is 1064 nm, the period is 9.5 pm with 8.5 um of SU8
domain and 1.0 pum of copolymer DR1/PMMA domain. In case of A\, = 1400 nm, the
QPM period is 21.5 pym with 19 ym of SU8 domain and 2.5 pum of copolymer domain.
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M

second-harmonic generation

DR1/| PMMA

Figure 5.5: (a) and (c): Images of SU8-based 1D PC structure obtained by optical mi-
croscope and SEM, respectively. (b) and (d) are optical microscope and SEM images of
same structure after filling with DR1/PMMA copolymer.
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Figure 5.6: (a) and (c): Images of SU8-based 2D square PC structure obtained by optical
microscope and SEM images, respectively. (b) and (d) are corresponding optical and SEM
images after filling with DR1/PMMA copolymer.
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as the analysis of Fejer, two consecutive domains with opposite sign of nonlinear coeffi-
cient are called a building block. The total length of the block corresponds to a period
of QPM structure (Agpar = lea + le2), as shown in Figure 5.4(b) I, (= Asps/2) and [
(= Apri/pmaa/2) are the length of SUS domain and DR1/PMMA domain, respectively.
These values are identified from the refractive indices of SU8 and DR1/PMMA at funda-
mental (w) and SH (2w) waves, and are illustrated in Figure 5.4(c). The QPM period as
a function of fundamental wavelength presents very clearly the length of building block
(Agpa) and the length of SU8 and DR1/PMMA domains. For instance, to obtain SHG
at wavelength 1064 nm, the QPM period should be 9.5 pm in which the length of SU8
(I.1) and DR1/PMMA domains (l.2) are 8.5 ym and 1.0 pm, respectively. Or for the
conversion wavelength at 1400 nm, the QPM structure possesses parameters as: Agpar =
21.5 pm, Iy = 19 pm, I = 2.5 pm.

Based on this calculation, the 1D PC structure is fabricated on SU8 photoresist by
two-beam interference technique. The fabrication process is the same as in chapter 3. In
fact, the thickness of the sample is as thick as good to facilitate focusing the fundamental
wave into the QPM structure. However, in our experiment, the thickness of structure is
limited to 25 um due to the absorption effect of SU8 photoresist. The exposure dosage
is controlled to get proper filling factor, therefore obtaining desired [.; and [. thickness.
The structures were then filled by DR1/PMMA copolymer by spin-coater and annealed
in an oven for 2 hours at 120°C to remove the solvent. After fabricated, the samples are
verified by optical microscope and SEM (scanning electron microscope). Figures 5.5(a,c)
show optical microscope and SEM images of a 1D PC structure without copolymer. The
structure filled with copolymer is shown in Figs. 5.5(b,d). 2D square QPM structure was
also fabricated and shown in Fig. 5.3.3. Finally, the nonlinear property was obtained by

using corona poling technique.

5.3.2 Creation of ¥ by corona poling method

According to the fabrication technique, the QPM structure belongs to the particular case
of QPM technique, as discussed previously. Originally, the nonlinear polymer (DR1/PMMA)
is centrosymmetric due to the random orientational distribution of nonlinear chromophores.

To create a strong nonlinear optical effect (x(?)), these chromophores need to be aligned
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Figure 5.7: Electro-chemical etching setup. Tungsten wire with 0.4 mm diameter was
connected to the positive electrode and was immersed in NaOH 2M solution. Negative
electrode was placed onto a stainless steel column that is also immersed in NaOH. A DC
voltage of 3V was applied to electrodes and the tip was moved very slowly by a distance of
50 pum for every 2 minutes. The fabrication taken 30 minutes and the tip with a diameter

of 11 pum was obtained, as shown in the image in left.

by an electric field poling or a corona poling technique.

5.3.2.1 Corona poling technique

For the corona poling setup, a sharp tip is a very important element. Tungsten (W) tip
was prepared by an electro-chemical etching technique. The fabrication of such tip is
shown in Figure 5.7. A tungsten wire of 0.4 mm diameter was immersed in a 2M NaOH
solution, and a DC voltage of 3V was applied to electrodes. The electro-chemical redox

reaction can be expressed as follow:

W(s) 4+ 20H™ + 2H,0 +— WO3™ + 3H, (5.27)

The tip was then moved slowly in vertical direction by a distance 50 pum for every 2
minutes. The etching process was finished when the sharp tip is arrived at the interface

of NaOH solution and air. Figure 5.7(left) represents a SEM image of the fabricated tip
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with a diameter of 11 pm.

5.3.2.2 Corona poling process

The W-tip is connected to the positive electrode of a high DC voltage (4.5 kV) in corona
poling setup as shown in Fig. 5.8(a). The QPM sample is placed on a hot plate and
connected to the negative electrode of the DC source. The distance from the W-needle
and the face of the poling sample is about 2 cm. The poling efficiency depends on this
distance, on the quality of the sample and on the surrounding atmosphere.

Once a high voltage (4.5 kV) is applied to the W-needle, the surrounding air will be
ionized and acted on the sample surface. High electric field is created inside the sample
and orient the polymer’s dipoles. The orientation of copolymer molecules will remain rel-
atively unchanged unless the sample is heated. Therefore, the sample is heated to 110°C,
temperature being below the glass transition temperature of DR1/PMMA copolymer (7,
= 125°C). The heating and cooling rates affect significantly to effective corona poling. In
our case, the sample is ramped up from room temperature to 110°C for 10 minutes at the
normal atmosphere. Then the high voltage (4.5 kV) is applied for 30 minutes (at 110°C).
Finally, the temperature is cooled down to ambient temperature while the poling field was
maintained. This is an important step because it allows the polymer’s dipole solidifying
while aligned. A whole of corona process, represented in Fig. 5.8(b) finishes in 60 minutes
and the sample became a QPM structure with a spatial periodic modulation of nonlin-
ear property x®/0/x® /0/x®... according to the alternation between DR1/PMMA and
SUS8 materials. This corona poling technique was employed for creation of all 1D and 2D
QPM structures studied in this thesis. We note that the same technique could be used
to obtained 3D QPMs, that cannot be achieved by other techniques.

5.3.3 Experimental results

A schematic presentation of optical setup to measure SHG signal is given in Fig. 5.9. In
this setup, a SuperK COMPACT supercontinuum lasers of NKT Photonics Corp. (A =
440 - 2400 nm) with a repetition rate of 25 kHz, a pulse width < 2 ns and an average
power of 109 mW is used as fundamental light source. The incident beam is spectrally

selected by a band pass filter and then focused to the sample by an objective lens. The
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Figure 5.8: (a) Corona poling setup. The W-tip, which is etched by electro-chemical
etching, was connected to the positive electrode of a high DC voltage source. The sample
was connected to the negative electrode and placed on a hot plate. When a high voltage
(4.5 kV) is applied, an arc electric appears on the sample surface and align DR1 molecules
of nonlinear material (DR1/PMMA). The linear material (SUS8) is not affected. (b) The
corona poling process. At the beginning, the sample is heated from room temperature to
110°C, then, high voltage is applied for 30 minutes. Finally, the sample is cooled down
to ambient temperature (hot plate is off) while the poling field is kept on.
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- . W Spectrometer

BP filter Polarizer Lens Sample

Figure 5.9: SHG setup in longitudinal QPM configuration. A band pass filter selects the
fundamental beam from a white light source. This beam (linear polarization) is sent to
the sample via an objective lens. The sample is fixed on a rotation stage, which allows to
vary the angle between the sample and the laser beam. The SHG signal is collected by a

spectrometer.

polarization mode of fundamental beam is ensured by a polarizer. The QPM sample is
placed on a rotational stage, which can control the orientation between the fundamental
beam and the sample by an angle a. The SHG signals are finally detected by an Ocean

spectrometer.

In this experiment, we have used a band pass filter with a wavelength centered at
1400 nm. To investigate the enhancement of SHG signal by QPM structure, the samples
were designed and fabricated with parameters corresponding to this fundamental wave.
SHG signal from a poled DR1/PMMA uniform film is also measured to compare with
those obtained by the QPM structures.

In practice, there exist different ways to send the fundamental beam into the QPM
structures. The fundamental laser beam can propagate in parallel or in perpendicular
(or at an arbitrary angle) to the grating vector of the QPM structures. This leads to
different types of SHG, which satisfied the momentum conservation law such as: collinear
QPM or longitudinal QPM (the fundamental and SH beams propagate in parallel to the
QPM grating vector), Raman-Nath [167] that refers to as transverse QPM condition, and
Cerenkov SHG [168], which can be realized with and without QPM condition, etc.

In our experiments, we have tried with different possibilities. Figure 5.10 shows the
SHG wave at 700 nm obtained with an uniform poled film DR1/PMMA and with a 1D
QPM structure in the frame of collinear QPM. The sample was rotated by an angle a
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Figure 5.10: SHG wavelength at 700 nm of a poled uniform film and a poled QPM 1D

structure with fundamental wave at 1400 nm.

to optimize the SH signal. In the optimum condition, it can be seen that, the SH signal
produced by QPM structure is slightly higher than that of a DR1/PMMA copolymer thin
film. The role of QPM structure in increasing the conversion efficiency is therefore not
very much and depends strongly on the position of the focal spot with the domain walls.
This can be explained by the fact that the QPM structure has limited thickness, and it
is very difficult to coupling the fundamental light into the QPM structure and to let it
propagating through the length of the crystal. Actually, the fundamental light has been
focused into the QPM structure and immediately went out of the crystals. With limited
film thickness, it is difficult to realize standard QPM technique (collinear propagation) to
have high SHG efficiency.

We then considered two latter cases by sending the fundamental beam in perpendicular
direction with respect to the grating vector. Figure 5.11 illustrates the experimental setup
used for this measurement. The fundamental laser beam was sent into normal direction
with respect to the sample surface. The disadvantage of this technique is the limited
propagation length due to the film thickness of the QPM structure, which results in a
weak SHG effect. However, this way allows to manipulate the SHG signal and beam

profile at the output of the crystal, and that can be interesting for some applications such
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Figure 5.11: SHG setup in transverse QPM configuration. A band pass filter selects the
fundamental beam from a white light source. This beam (linear polarization) is sent to
the sample via an objective lens. The sample is fixed on a rotation stage, which allows to
vary the angle between the sample and the laser beam. The SHG signal is collected by a

spectrometer.

(1064 nm)

A2 Sample Screen

Figure 5.12: Experimental setup using a fundamental wave at 1064 nm. The half-wave
plate is used to control the polarization of fundamental laser beam. The beam is then fo-
cused by a lens into the QPM sample which can be rotated an « angle around propagation

axis.
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Figure 5.13: SHG signal generated by a fundamental laser at 1064 nm on an uniform
DR1/PMMA film and on 1D QPM structure. The inset shows a SHG image achieved by
the QPM structure.

as beam shaping.

In this case, because the SHG signal was created from a laser source (fundamental
wavelength = 1400 nm) with a modest average power (about 100 pW), the SH signal
was detected by the spectrometer, but it was not possible to be observed by eye or by an
infrared card. Therefore, it is impossible to analyse the type of SHG, i.e. Raman-Nath
or Cerenkov SHG. No nonlineat diffraction orders was observed. Therefore, in order to
observe the SHG signal by eye to easily understand what happens when working with
transverse QPM, we have built a new experimental setup using a stronger excitation
source (pulsed laser with an average power of 80 mW) at the wavelength of A = 1064 nm.

Figure 5.12 illustrates this new experimental setup. By using either a polymer thin film
or a QPM structure fabricated on DR1/PMMA, the SHG signal can be easily obtained
on a screen and can be observed very clearly by eye, as shown in inset image of Fig. 5.13.
The image shows a green spot corresponding to the wavelength 532 nm, ¢.e., SH wave

of 1064 nm. The intensity, which is measured by spectrometer, is still only a bit larger
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than that obtained by an uniform film. However, there is no evidence about the nonlinear
diffraction, and we cannot clearly explain the Raman-Nath or Cerenkov effect.

However, we observed a diffraction effect of the fundamental beam, which allows to
explain why the SH signal is quite weak. Indeed, by using a sensitive infrared camera or
infrared card (see Fig. 5.14), we observed a strong diffraction pattern of the fundamental
beam. In fact, there is a difference of refractive indices between DR1/PMMA and SUS8
materials, as shown in Fig. 5.4(a). This difference creates a x(!) grating, which diffracts
both fundamental and SH waves, thus reducing the SHG signal. Moreover, SEM images,
shown in Figs. and , indicate that the SU8 structure filled with DR1/PMMA copoly-
mer does not have flat surface. This effect is illustrated in Fig. 5.15(a). It causes an
air/polymer grating, which results in a strong diffraction effect of the fundamental wave
and thus decrease the SHG signal. As future work, we propose to overcome this effect by

preparing a thick film and etching it to get flat surface, as illustrated in Figs. 5.15(b) and

().

5.4 Discussions and Conclusions

In summary, in this chapter, we have studied theoretically and experimentally the QPM
technique to improve the frequency conversion efficiency. Firstly, the double frequency
(SHG) effect was investigated in details and QPM technique, which is easy and efficient
way, was chosen to compensate the phase mismatch. Then, the theory for 1D and 2D
QPM structures was analyzed. 1D QPM is the well-known structure, which was proposed
in a pioneering paper on frequency conversion. However, it allows to optimize the SHG
in an unique direction. Whereas 2D QPM, which was proposed by Berger, can generate
simultaneously multiple SHG in different directions. We have fabricated two kinds of
QPM structure by two-beam interference technique to improve the conversion efficiency.

This fabrication technique used SUS, a linear material, as a template, then filled
DR1/PMMA nonlinear material. QPM fabricated structure was then verified by trans-
mission microscope and SEM. A home-made corona poling setup was then applied to
create the nonlinear property of DR1/PMMA material. We also fabricated an uniform

DR1/PMMA film for reference. Two setups with different excitation laser sources were
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Figure 5.14: Diffraction effect of the QPM structures, observed by the fundamental beam
at 1064 nm. Top: experimental setup; Bottom: diffraction patterns obtained by 1D and

2D (square and hexagonal) structures.
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Figure 5.15: (a) Illustration of the air/polymer grating caused by the non-flat surface
of SU8 structure filled with DR1/PMMA. (b) and (c) Overcoming this effect by filling
a thicker DR1/PMMA layer into the SU8-based photonic structure by spin coater and
following with an etching process to obtain a flat SUS/DR1/PMMA surface.
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built to measure the SHG signal of QPM structures. Firstly, the laser beam with a wave-
length of 1400 nm separated from a white light pulsed laser was used as a fundamental
wave. The SHG signal at 700 nm was obtained at the longitudinal QPM condition. Nev-
ertheless, the intensity of this fundamental wave is too weak (about 100 W) and this
QPM condition is also sensitive to the position of the focal spot, whereas, the thickness
of structure is too thin to coupling in the fundamental beam. Therefore the SH signal is
not so high and cannot be seen by eye or by an infrared card. In order to observe the
SHG signal to understand more about QPM technique, a higher power laser was used.
A Nd:YAG pulsed laser with an average power of 85 mW was used and generated very
strong SH signal that can be caught on a screen. However, when comparing the measured
signal to that obtained by an uniform film, the conversion efficiency from QPM structure
is just a bit higher. This result may be explained by many reasons. Firstly, the thickness
limitation of structure leads to difficulty in coupling the fundamental wave into QPM
structure. For the future work, this drawback could be overcome by increasing the thick-
ness of SU8 sample to let the fundamental light pass through the QPM structure. The
second reason is the y(!) grating, which causes by the difference of refractive indices of
SU8 and DR1/PMMA materials. This grating diffracts both fundamental and SH waves.
In order to remove completely this grating, DAST (4-N,N-dimethylamino-4’-N"-methyl-
stilbazolium tosylate) microcrystals doped in SU8 film or DR1/SUS structure, etc., are
proposed. The air/polymer grating, which is formed by the non flat surface of QPM struc-
ture, also diffracts strongly the fundamental wave and thus reduce the SHG signal. This
reason can omit by covering SUS8 structure with thicker layer of DR1/PMMA, following
an etching process to obtain a flat SUS/DR1/PMMA surface. All these solutions will be
continued in the future works.

Moreover, this fabrication technique opens a potential way to fabricate 3D QPM,

which is extremely difficult and not successful up to now.
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Chapter 6

Optimization of nonlinear optics effects
by waveguide resonance grating (WRG)

coupling

Waveguide resonant grating (WRG) combines characteristics of diffraction by periodic
structures (also called surface relief gratings) with waveguide properties. This structure
allows light diffracted by the grating coupling to a mode of the waveguide and generates
very sharp reflection and transmission anomalies associated with the guided mode reso-
nance (GMR) effect [169]. WRG at the resonant mode can produce strong local field at
the surface of the grating, which is very useful for numerous applications such as the nar-
row band filters [170], nonlinear optical process, optical switch [171], and high-sensitivity
sensors |172], etc. Especially, WRG can be used to enhance the fluorescence signal [173]
or the second-harmonic generation (SHG) of the materials [61, 62]. There are many WRG

configurations |17, |, each of them possessing own advantages and proper applications.

In this chapter, we investigated theoretically and experimentally the so-called all

polymer-based WRGs and we demonstrated their applications for enhancement of SHG.
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6.1 Theoretical calculation

6.1.1 Property of WRG

A WRG consists of at least one diffraction grating deposited onto one waveguide. Res-
onance effect occurs when the incident light diffracted from the grating couples to the
guided modes of the waveguide.

A diffraction grating splits and diffracts incident light to several beams propagating
in different directions. The diffraction configuration when an incident light comes to a
1D surface grating is illustrated in Figure 6.1. The directions of these beams (also called
the angles of the diffracted modes) are related to the wavelength and grating parameters

through grating equations as follow:

e Reflection region:

A
Nyet SIN O, = M sin 6; — mX, (6.1)
e Transmission region:
A
N SN0y, = n;sinbf; — m (6.2)

N
where:

- Nyef, Ny and n; denote the refractive indices of reflection, transmission and incident
regions, respectively.

- 6; and 6,, are the incident angle and angle of m'" diffraction mode, respectively.

- A and A denote the wavelength of incident beam and the grating period, respectively.

The grating equation only informs the directions of the modes and do not allow to
quantitatively evaluate the intensity of each diffractive beam. The later one depends
strongly on parameters of grating, in particular the grating shape. Figure 6.1 illustrates,
for example, a grating with a sinusoidal profile.

A waveguide is a structure that guides electromagnetic waves. There are many different
geometries of waveguides, which are used for different purposes. Light is confined in
the waveguide by total internal reflection effect. When a diffraction grating and slab
waveguide are brought into proximity and the angle of a diffracted mode matches the angle

of a guided mode, the resonance effect happens. The regions of guide-mode resonance are
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Figure 6.1: Configuration and mechanism of a waveguide resonant grating. The angles
O,cf Tepresent the angles of the wave vector of the m™ reflected wave with respect to the
z axis. The angle 6;, are the corresponding angles for the transmission waves. The angle
of incidence 6y, is arbitrary. When the angle of a diffracted light from a surface grating

matches the angle of a guided-mode of waveguide, the resonance effect occurs.

predicted by the inequality [170]:
) A
max{ny,n3} < |n;sinf; — mK| < ngy (6.3)

where n; and n3 are the refractive indices of the media surrounding waveguide-grating,
no is the refractive index distribution of grating layer.

However, in order to correctly calculate the response of a WRG structure, it is nec-
essary to numerically model the WRG structure and realize the calculation from funda-

mental Maxwell’s equations.

6.1.2 Numerical calculations

6.1.2.1 Numerical method

There exists different simulation methods allowing to model an arbitrary WRG structure

and to obtain its optical properties. Each method presents its own advantage, such as
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required time processing, computer memory, or simulation precision. In this work, we
adopted a very well-known simulation method, finite-difference time domain (FDTD),
which allows to achieve rapidly and precisely the optical properties of all polymer-based
WRGs. This method allows us to get the approximate solutions of electrodynamics prob-
lems. FDTD workground was first set in 1928 with the publication of Courant, Friedrichs
and Lewy. However, it only became popular since 1980s thanks to the revolution of in-
formation technology [177]. Recently, with the assistance of modern computers, FDTD
becomes a powerful technique for researchers to predict the electromagnetic response of
any structure, for example, WRGs.

As the other finite-difference modeling methods, FDTD is grid-based. It means that
computational domains will be meshed into minor units, mostly in cube shape, with
associated vector components of the E field and H field, which are firmed by Maxwell
equations. In simulation, the E and H fields are determined at every point in space,
forward in time. On the other hand, FDTD is a time-domain method, so it can cover a
wide frequency range with a single simulation run. Thanks for these advantages, FDTD
provides us a natural way to treat with any electrodynamics problems, especially with
periodic structures and broadband-sources in WRGs complications [178]. Consequently,

we chose FDTD method and commercial Lumerical”™ FDTD software for our study.

6.1.2.2 Simulation parameters

Thanks to the flexibility of FDTD method and Lumerical software, various WRG config-
urations, published in literature, have been verified with excellent agreement. Indeed, we
are able to construct multilayer or monolayer models, with changeable grating parameters
(period, depth, refractive indices, etc.), sources parameters (wavelength ranges, incident
angle, polarizing modes, etc.) and grating profiles (1D or 2D, wavy, blade or square, etc.).
We note that in such software, grid resolutions and boundary conditions need to be chosen
precisely to avoid systems errors and compromise simulation times as well as simulation
accuracies. Different WRG structures have been investigated, which provided different
interesting properties. In order to compare with the experimental results realized in this
work, we present in this dissertation only the 1D WRG case with a sinusoidal profile, as

shown in Fig. 6.2. The simulation parameters, for different simulations presented in dif-
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t = 1500 nm

Npr1-pmma = 1.58

Nglass = 1.48

Figure 6.2: 2D side view of simulating model for a all-polymer-based WRG. The swept
parameters used in simulation are A = 800 - 1200 nm, d = 50 - 400 nm, #; = 0° - 60°,
A = 800 - 1000 nm and source modes TE, TM. The fixed parameters are t = 1500 nm,
refractive indices of glass, DR1/PMMA and air are 1.48, 1.58 and 1, respectively.

ferent sections of this chapter, were selected and categorized into two groups as describing

below:

e Fixed parameters:

The 1D sinusoidal grating profile was chosen, because it is the most similar to
structure fabricated by two-beam interference method (see chapter 4). Neglecting
the dispersion effect, the refractive index of glass, DR1/PMMA and air were kept
at 1.48, 1.58 and 1, respectively. The thickness grating combined with waveguide is

t = 1500 nm. Note that those values are close to experimental parameters.

e Swept parameters:

We swept the grating depth from d = 50 nm to d = 400 nm and period from A =
500 nm to A = 2000 nm. Incident angle, wavelength, and source mode were also
varied from #; = 0° to #; = 80°, A = 400 nm to A = 2000 nm from TE to TM
modes, respectively. In addition, monitors were set within computation domain to
analyze reflection spectra along with electromagnetic field distributions. Results

were normalized to the reflection spectra obtained from a thin films (no grating)
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and evaluated right after each simulation to confine the parameters, with a purpose

of the fastest convergence.

6.1.2.3 Simulation results

Figure 6.3 shows simulation results of reflections spectra as a function of excitation wave-
length and of incident angle for 1D sinusoidal WRG with A = 1000 nm. As can be seen in
Figs. 6.3(a) and (c), at grating depth d = 50 nm, there are two curves of resonant peaks
across downward from left-top to the right. If we kept unchanged all the parameters while
increase the grating depth to d = 400 nm, the resonant peaks slightly shift to the left
and become much more distinguishable (Figs. 6.3(b) and (d)). This resonant peaks of a
grating coupled to a waveguide can be explained as following: basically, a WRG is con-
sisted of a low refractive index substrate and a high refractive index waveguide, covered
with a grating layer (lower effective refractive index); when a light beam is sent to the
surface of the grating, it will be diffracted towards the waveguide, and can be coupled
into guided-mode. This leads to a strong local field resonance. In the resonance mode,
strong local electrical field at the grating layer will be generated as shown in Fig. 6.4.
The light can be then coupled out by the same grating, resulting in an enhancement of
reflection signal. This WRG therefore produces very sharp reflection peaks and transmis-
sion dips, if the income lights are under resonant conditions, i.e., appropriated incident
angle, frequency and polarization. It is evident that there exists the resonances for both
TE and TM modes, which are very close to each other. The reflection intensities of these
modes are slightly different, as it will be shown and compared with experimental results in
next section. According to these results, we emphasize on two remarkable reflection peaks
around A = 850 nm - 950 nm, when a light beam is oriented at the incident angle of 6; =
35° - 45°. Furthermore, the peak is red shifted when the incident angles are decreased and
vice-verse. By achieving sharp reflection peaks in simulations, we can handle all WRG
parameters needed for resonance, which can be used for fabricating WRGs with selective

properties.
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Figure 6.3: Mapping of reflection intensity as a function of incident angle (6;) and wave-
length (\) of a light beam directing to 1D surface grating (A = 1000 nm). (a) TM mode,
d = 50 nm. (b) TM mode, d = 400 nm. (c¢) TE mode, d = 50 nm. (d) TE mode, d =
400 nm.
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Figure 6.4: Strong local electrical field of 1D WRG with A = 1000 nm, grating depth d
= 400 nm, at TM mode of A = 881 nm.

6.2 Fabrication and characterization of all-polymer-based

WRGs

6.2.1 WRGSs structure based on copolymer DR1/PMMA

In the design of our WRG sample, both grating and waveguide were based on nonlinear
polymer DR1/PMMA. Firstly, a polymer film was spin-coated on a glass substrate with a
thickness of 1500 nm. Then a SRG was formed on the surface of this film by interference
technique, similar to SRG formation process described in chapter 4. Different 1D SRGs

have been fabricated according to the WRG simulation requirements.

6.2.2 Characterization of WRGs

To measure properties of WRG, the probe beam with A = 800 - 1000 nm is sent to the
sample and the zero-order diffraction (reflection beam) is monitored by a spectrometer.
This probe beam makes an « angle (a = 6 in simulation) with respect to the sample
surface. The depth of SRG and therefore the configuration of WRG can be controlled by
the exposure time. The SRG period can also be easily changed by adjusting the incident
angle of two interfering beam.

The resonance effect in WRG structure happens only for a certain wavelength and
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Figure 6.5: Reflection spectra of TM mode as a function of grating depth, measured at «

= 40°. (a) calculation results; (b) experimental results.

incident angle of probe beam, depending on the grating parameters (period, depth, ge-
ometry...) and the refractive indices of the surrounding media.

At the GMR mode the very sharp reflection and near zero transmission anomalies are
generated. To understand more about the WRG characteristics, we have monitored the

reflected spectra as a function of grating depth and angle of the incident light.

6.2.2.1 Reflection spectra as a function of grating depth

Figure 6.5 shows the normalized reflecting spectra (TM mode, a@ = 40°) obtained at
different exposure times, during the SRG formation. As we can observe in experimental
results, there are two resonance peaks centered at the wavelength of A = 880 nm and
A = 955 nm. Their amplitudes increase proportionally with the exposure times (as well
as grating depths), which is perfectly consistent with the simulation results shown in
Fig. 6.5(a). Furthermore, by calculations, we predicted that the resonant peaks are
slightly blue-shifted with the SRG depth. That statement is also proven evidently by the
experimental results. The reason of this moving is the changing of effective refractive index
when the grating depth changes. In fact, there are some insignificant mismatches between

the calculations and experiments. For instance, the resonant peaks in experimental results
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seem to be broader than calculated ones, or there are some trivial peaks close to first
significant resonant peak in simulations but not in experiments. That could be explained
by the influence of the non-uniformity of SRGs, i.e., the variation of period and amplitude.
The other minor factors such as spectra of probe source, refractive indices, measuring

scale, etc., are also contributed to the difference between experiment and calculation.

6.2.2.2 Reflection spectra as a function of incident angle

The relationships between probe incident angle («) and reflection spectra are illustrated
evidently in Fig. 6.6. We note that the simulation results in Figs. 6.6(b) and (d) are
extracted from the mapping results (Fig. 6.4). As the previous forecasts, in general,
with both polarizing TE and TM modes, when we rise up the angle, the peaks will be
shifted to the left. The shifted rates are about 8 - 10 nm/1°. Likewise, the relative dis-
tances between two resonant peaks slightly shrink also. The experimental results show
a remarkable similarity to the theoretical predictions. Comprehensively, the two exper-
imental resonant peaks are blue-shifted and closer apart to each other by the increment
of the incident angle («) for both TE and TM modes. The relative positions of resonant
peaks in simulation and experiment also come to an agreement. Here again, there are
some small differences between calculation and experiment. Besides the reasons stated
in the last subsection, there are some additional factors such as error of rotating holders,

alignment of the incident beam, etc.

At this moment, we conclude that it is possible to obtain a WRG using purely poly-
mer materials. The theoretical and experimental results show a strong enhancement of
reflection signal at some particular wavelengths corresponding to the GMR. This leads to
many interesting applications, in particular for nonlinear optics effect of laser based on

polymer materials.

In the next section, we will demonstrate an important application of such WRG.
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Figure 6.6: Reflection spectra as a function of incident angles («), measured at maximal
grating depth. (a) TM mode, calculation; (b) TM mode, experiment; (¢) TE mode,

calculation; (d) TE mode, experiment.
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6.3 Enhancement of the second-harmonic generation
by WRG coupling

According to the previous chapter, SHG intensity is given by

Ak
I, = FdeffL%ZQ sin 02(72), (6.4)

where I, and Iy, are the intensity of fundamental and SH waves, respectively. d.y is the
nonlinear coefficient and z is the length of nonlinear crystal.

We seen that the SHG intensity (/) is proportional to the square of the intensity of
fundamental wave (/). The increase of the fundamental intensity leads to enhancement
of the SHG signal. This suggests to employ the GMR effect of WRG structure. Indeed, if
we can design and fabricate a WRG, which produces resonant peak at exact fundamental
wavelength, the electrical field as well as the fundamental intensity will be improved
dramatically, resulting in a high nonlinear conversion process.

The copolymer DR1/PMMA is a linear material under normal condition, i.e., the
molecules are oriented randomly, hence the second-order nonlinear coefficient (X(Z)) is zero.
To prepare for above purpose, all-polymer-based WRG structure needs to be reoriented

by a corona poling method, which is already shown in the last chapter.

6.3.1 Dependence of SHG on incident angle («)

First, we utilized a poled azopolymer film, without grating, to determine the relationship
between the SH signal and the incident angle «, between the fundamental beam and
the normal vector of sample surface. Figure 6.7 illustrates the experimental setup used to
measure SHG signal of all polymer-based WRGs. The spectrometer shows obviously a SH
signal at Ay, = 707 nm as shown in the inset of Fig. 6.8. We then measured the intensity
of this SH peak for different samples and at different a - angles. Theoretically, with «
= 0°, dipole vectors in sample are perpendicular to electrical vector of the fundamental
beam, therefore, no SH is generated for the reason that there is no interaction between
those vectors. By the increment of « - angle, the interaction is upturn. As the results,
the SH signals rise up and get maximum when a = 90° or dipole vectors and electrical

vectors are parallel with each other. However, experimentally, at very high a - angle,
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1 ~ B\/

BP filter Polarizer Lens Sample Spectrometer

Figure 6.7: Experimental setup of SHG. A bandpass filter centered at A\, = 1414 nm was
used to select a “single” wavelength from a super-continuum light source. The laser beam
is focused into the sample by a lens. The sample is positioned on a rotation stage, which
allows to control the orientation of the sample with respect to the incident beam by an

angle a.

fundamental light could not be coupled into the thin films and the SHG signal becomes
weak. We found experimentally that the SHG signal reaches the highest value at o =
55° - 60°, as shown in Fig. 6.8. This observation helps us optimizing the parameters of
WRG structures. It means that we need to design and to fabricate a WRG, which can
generate resonant peaks at a fundamental wavelength of A = 1414 nm (chosen wavelength

for demonstration) and at incident angle of o = 55° - 60°.

6.3.2 Optimization of SHG signal by WRGs

By FDTD simulation, we found that the gratings whose periods (A) are in between 1600
nm and 2000 nm, can satisfy the criteria of producing resonant peak at A = 1414 nm
around a = 55° - 60°. We therefore designed and fabricated different kinds of gratings
with periods of A = 2000 nm, A = 1800 nm, A = 1700 nm, and A = 1600 nm, respectively.
Figure 6.9(a) presents the mapping of reflection intensity as a function of incident angle
(f) and fundamental wavelength (A,) of a TM mode. This result indicates a resonant
peak at A, = 1414 nm corresponding a 55° incident angle. Figure 6.9(b) compares the
electrical field distributions between non-grating surface and a WRG with TM mode. The
fundamental wave is enhanced thanks to coupling into resonant modes of WRG structure.

Therefore, the SH signal is expected to be higher.
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Figure 6.8: SHG signal generated by a DR1/PMMA copolymer thin film as a function of

incident angle. Inset shows the SH spectrum at 707 nm.

The fabrication of WRGs were realized by the two-beam interference technique as
previously demonstrated. Afterward, all these samples were corona poled and SHG were
recorded by the experimental setup as shown in Figure 6.7.

As we can be seen in Figure 6.9(c), the SH signals in uniform thin film get maximum
at angle apa.c = 55°. By the first optimization of the grating sample, A = 2000 nm,
the SH signal is enhanced due to the resonance effect at the incident angle of o = 62°.
This resonance angle decreases while the SH signal is strongly enhanced in case of grating
samples possessing A = 1800 nm and/or A = 1700 nm, which are strictly consistent with
the calculating results. The SHG is improved because of the fact that the resonant angle
approaches to optimal . - angle. Comparing to no-grating reference sample, the SH

signal obtained by the WRG with A = 1700 nm is enhanced by 25 times.

6.4 Conclusions

In this chapter, we have successfully demonstrated the resonance of all-polymer based

WRGs and their use for optimization of SHG signal. We first studied the basic theory
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of the resonant modes of a simple grating coupled waveguide. The exact optical proper-
ties of any WRG were then numerically simulated by using finite-difference time domain
method, performed with a commercial Lumerical software. We are able to fabricate 1D
SRGs in DR1/PMMA thin films by a simple interference technique, with designed pa-
rameters as well as characteristics. Thanks to the strong local electrical field in WRG,
which are generated under guided-mode resonance condition, we demonstrated the SHG
enhancement by a factor of 25, as compared to the result obtained by a sample with-
out grating. It has a great agreement between theory and experiment. With 25 times
greater than the uniform film, WRG structure has various promising applications such as

plasmonic WRGs coupling, pulse-sharpers and sensors, etc.
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Conclusion and Prospects

In this thesis, the potential in fabricating different geometries of photonic structures
(PSs), such as one-dimensional, two-dimensional, and three-dimensional, periodic, or
quasi-periodic of the two-beam interference method was theoretically and experimentally
demonstrated. The fabricated structures are then applied for nonlinear applications to
improve the frequency conversion efficiency.

In the first part, the advantages of two-beam interference technique comparing to
other multi-beam interference techniques were analyzed. In fact, multi-beam interference
method can create various types of photonic structures depending on the number and the
configuration of interfering beams. Nevertheless, this standard method is very sensitive in
beams alignment and non-flexible in fabricating different photonic structures. The two-
beam interference technique associated with multi-exposure overcomes these problems and
becomes a simple and efficient tool in PSs fabrication. Different PSs were fabricated as
desired, using multiple exposures at appropriate orientation of the sample. The period of
PS changes easily by varying the angle between two interfering beams. Specially, this setup
allows the fabrication of 3D structures with close lattice constants in three dimensions,
which is difficult to be achieved by multi-beam interference method. However, fabrication
of an uniform and thick PS is a common problem of the optical lithography, in particular,
the interference method. Indeed, the influence of material absorption on the uniformity
of structures is significant when increasing the sample thickness. We have demonstrated
a method which allow to compensate the diminution of the interference pattern intensity,
due to the absorption effect, by an uniform assisted beam propagating in opposite direction
with respect to two interference beams. In such situation, the final structure is always
determined by the two-beam interference pattern, but the experimental results shown

that the fabricated structures are uniform and their thickness can reach 25 pm. To
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continue raising the thickness of PS, the very low absorption effect of used material was
applied. Indeed, by using a high power laser at A = 532 nm, it was demonstrated that
PSs with a thickness as thick as 600 pym can be fabricated in SU8 negative photoresist.
Nevertheless, the thermal effect due to long exposure time and high power of the excitation
laser limits the use of this technique. Besides, SRG, one of interesting PSs was also
fabricated and optimized in this work. Two types of polymer (active and passive polymers)
with two different mechanisms for grating forming were employed. The creation of SRG
based on passive polymer (SUS) is due to the shrinkage effect of this negative photoresist
whereas the one based on active polymer (DR1/PMMA) is due to the mass transport
effect of DR1 molecules. We have also seen that the groove depth of SRG based on
active polymer is deeper than that of passive ones. The dependence of grating depth
on fabrication parameters was also investigated. These structures were then utilized in

waveguide resonant grating (WRG) for enhancement of nonlinear conversion effect.

In the second part, the polymer-based PSs fabricated by two-beam interference tech-
nique were applied in nonlinear applications. In fact, one of the reasons for diminution
of SHG signal in nonlinear materials is the mismatching effect, which caused the de-
structive interference of the SH wave along the propagation inside the nonlinear crystal.
QPM structures solved this problem by a modulation of the nonlinear coefficient, y?,
in periodical manner. In this work, the fabrication and characterization of 1D and 2D
QPM structures have been realized. In order to fabricate QPM structures, two steps are
required. Firstly, 1D and 2D PSs with a modulation of refractive index, between SU8
and air, were prepared. Then, the nonlinear material (DR1/PMMA) was filled in the
air holes positions. The modulation of nonlinear susceptibility x® is obtained by using
corona poling technique. The enhancement of SHG in all polymer-based QPM structures
were then characterized. It is worth to mention that the SHG signal generated by QPM
structures only reached a factor of 2 comparing to the result obtained by a homogeneous
nonlinear film. Different reasons for this low conversion efficiency were identified. The
optimization of QPM structures parameters for higher conversion efficiency is proposed
as prospect of this work. Besides, we have demonstrated an alternative way to enhance
the nonlinear conversion efficiency by increasing the fundamental intensity thanks to the

strong local field in guided-mode resonance of WRG structure. This WRG structure is
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engineered by a combination of a SRG and a waveguide based on DR1/PMMA active
polymer. The theoretical, numerical and experimental of guided-mode resonance effect
of WRG structure have successfully demonstrated. The WRG structure was simulated
by using finite-difference time domain (FDTD) method and experimentally realized by
two-beam interference technique. The optical measurements were also performed such
as the relationship between probe incident angle and reflection spectra or the proportion
of grating depth and reflection spectra. In particular, the strong local field at guided-
mode resonance of WRG was employed to enhance the SHG signal by a factor of 25, as
compared to the SH signal generated by the sample without grating. This result opens
promising applications in photonic devices.

In summary, this work has successfully used the two-beam interference technique for
fabrication of various types of polymer-based PSs. 1D, 2D, and 3D periodic and quasi-
periodic PSs were fabricated with controllable parameters. The applications of these
structures for nonlinear optics were investigated. This work can be continued with some

prospects detailed as follow:

e [t is necessary to optimize the ultra-thick photonic structures fabricated by very low
absorbance of material at visible range. To eliminate the thermal effect, it requires
to reduce the exposure intensity of the excitation source. A little bit increase of the
material absorption by adding photo-initiator may be a solution. These structures

then become good candidates for 2D and 3D QPM structures.

e We will continue the optimization of all polymer-based WRG structures for increas-
ing the frequency conversion efficiency. Besides, the use of WRG structures for
other applications such as enhancement of fluorescent signal or laser effect will be

investigated.
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