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Abstract

This work deals with a novel microscopy technique based on the ultra-low one-photon

absorption (LOPA) mechanism of photosensitive materials for fabrication of arbitrary

two- and three-dimensional (2D, 3D) submicrometer structures.

First, we theoretically investigated the intensity distribution at focusing region of

a high numerical aperture objective lens as a function of various working conditions,

such as propagation of light through mismatched refractive index and/or absorbing

media. We demonstrated that when working with refractive index mismatch-free and

very low absorption conditions, the light could be focused deeply inside the material,

allowing a 3D optical manipulation.

We then demonstrated experimentally the use of this simple technique for fab-

rication of desired structures. Different 2D and 3D structures, with a feature size

as small as 150 nm, have been created in SU-8 photoresist by using a low power

and continuous-wave laser emitting at 532 nm. Furthermore, we demonstrated that

it is possible to fabricate a polymer-based photonic structure containing a single

nanoparticle, by using a double-step method. Indeed, the LOPA microscopy allowed

us first to accurately determine the location of a single gold nanoparticle and then

to embed it as desired into an arbitrary SU-8 photonic structure. The coupling of a

gold NP and a polymer-based photonic structure was theoretically and experimentally

investigated showing a six-fold photons collection enhancement as compared to that

of a NP in unpatterned film.
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Résumé

Ce travail porte sur l’étude d’une nouvelle technique de microscopie basée sur le

phénomène d’absorption linéaire ultra-faible (LOPA) de matériaux photosensibles

pour la fabrication des structures submicrométriques à deux et à trois dimensions (2D,

3D). Premièrement, nous avons étudié théoriquement la distribution de l’intensité

lumineuse dans la région focale d’un objectif de microscope de grande ouverture

numérique en fonction des différentes conditions de travail, telles que la propagation

de la lumière dans un milieu absorbant avec une variation d’indice de refraction. Nous

avons démontré que lorsque l’on travaille avec un matériau quasi homogène ayant de

très faible absorption à la longueur d’onde du faisceau d’excitation, le faisceau laser

peut être focalisé en profondeur à l’intérieur du matériau, ce qui permet de manipuler

optiquement des objets en 3D. Nous avons ensuite démontré expérimentalement

l’utilisation de cette technique pour fabriquer des structures désirées. Différentes

structures 2D et 3D submicrométriques ont été crées en résine SU-8, en utilisant

un laser continue à 532 nm de faible puissance. Ces résultats sont similaires à ceux

obtenus par la méthode d’absorption à deux photons, mais le coût de fabrication a

été énormément réduit. De plus, nous avons démontré qu’il est possible de fabriquer

des structures photoniques à base de polymère contenant une seule nanoparticule

(NP), en utilisant un procédé à deux étapes. En effet, nous avons d’abord déterminé

avec précision la position d’une seule NP d’or, en utilisant une puissance d’excitation

très faible, puis l’intégré à volonté dans une structure photonique par une puissance

d’excitation plus élevée. Le couplage d’une NP d’or et une structure photonique à

base de polymère a été ensuite étudié théoriquement et expérimentalement montrant

une amélioration importante de la collection des photons émis par la NP.
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Chapter 1

Introduction

Many of the true breakthroughs in our technology have resulted from a deeper

understanding of the interaction of light with matter. Light-matter interaction is of

fundamental importance in physics because of the possibility to manipulate light by

matter and of matter by light. Many efforts have been made by many research groups

all over the world leading to numerous scientific advances. The investigated light-

matter principles have been continuously applied for the development of various optical

devices. Among them, lasers, fiber optics, DVDs, and the entire field of photonics

are the most attractive achievements. In photonic devices, photonic crystal (PC), a

special kind of a sophisticated structural submicrostructure, is widely investigated by

numerous researchers.

In what follows we will firstly outline some specific features and optical properties

of PCs. We also introduce some important applications of PCs and focus on the

current fabrication techniques of such structures. Among them, direct laser writing

(DLW) is one of the most used techniques, in particular for three-dimensional (3D)

PCs. We introduce the concept of the DLW technique and the typical experimental

setup for DLW based on two-photon polymerization mechanism. We point out that,

two-photon absorption-based DLW (TPA-DLW), although convenient for fabrication

of arbitrary microstructures, is rather expensive in comparison with some common

techniques based on one-photon polymerization mechanism. Finally, we introduce the

motivation of thesis’s work and present the plan of the thesis.
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1.1 Photonic crystals

1.1.1 Color in nature

The structural control of light manifests in stone, animal and mineral worlds [1].

Birds, butterflies, squids and other creatures often sport intense or changing colors

that are not formed by pigments but by highly organized nanostructures. Indeed,

the organized structures are arrays of tiny structures that are just a few hundred

nanometers wide [2, 3]. The color productions of these structures are related entirely

to coherent scattering processes that underpin the interaction of light with materials

having periodic variations of their refractive index. The intense colors of bird plumages,

butterfly wings and the bodies of squid are often produced, depending on the size and

spacing of these structures. Some particular wavelengths from the full spectrum of

sunlight are picked out when shining on these structures. The iridescence and colors

change in a way that depends on the angle at which we see the animal. And because

these colors are produced just by reflecting rather than absorbing light, as pigments

do, they can be more brilliant. The best-known example is opal [5] (Fig.1.1-(a1)), a

sedimentary gem offering the highly prized variety showing diffraction of visible light,

called play-of-color opal. Unlike other mineral gems, opal does not have a crystalline

structure. It is made of tiny spheres of silica packed together (Fig.1.1-(a2)). Because

they are spherical, there are tiny gaps remaining between the spheres. In these gaps

between the stacked spheres, a water and silica in aqueous solutions remain. Spheres

in an opal are not only remarkably uniform in size but are also packed, in gem quality

opal, in a very regular array. These tiny spheres and gaps hold the secret of the opal’s

color. When white light waves enter the top of an opal, they refract and bounce

around inside the opal through all the microscopic spheres and the gaps between the

spheres. As light passes through spheres and gaps, it is diffracted. Like a prism, the

opal splits the white light into all the colors of the spectrum, and the light eventually

bounces back out the top of the stone, at which point we get an eyeful of beautiful

opal colors. Opal is the only known gemstone that is able to naturally diffract light in

this way. The diffraction of light through this arrangement produces a characteristic

play of colors, the nature of which is determined by the size of the spheres and the
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Figure 1.1: Colors in nature: (a1) Volcanic play-of-color opals mined at Wegel Tena,
Ethiopia, are mostly white, translucent to opaque, and show vivid play-of-color.
(a2) Micrograph of a common opal-A from Slovakia. Spheres have different sizes,
and are made of nanograins arranged in a concentric way [4]. (b1) A sea mouse
from South Australia, (b2) SEM cross-section of a spine reveling nanostructures.
Photo from http://www.physics.usyd.edu.au/nicolae/seamouse.html. (c1) The
butterfly Morpho didius obtains its dazzling blue color from delicate “Christmas Tree”
light-scattering structures. (c2) “Christmas Tree” light-scattering structures made
from chitin, that sprout within the wing scales. Photos (c1) from Peter Vukusic and
(c2) from Vukusic & Sambles, Exeter University.

regularity of the periodic structure. Researchers have drawn inspiration from these

gems to build artificial opals by sedimentation of spheres for commercial purposes as

well as to mimic the structures for the fabrication of 3D PC [6–8].
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1D 2D 3D

Figure 1.2: Basically, PCs can be classified in three groups: One-dimensional (1D),
two-dimensional (2D), and three-dimensional (3D); depending on how many spatial
coordinates are structured in a periodic manner.

Besides, a research group at the University of Sydney, Australia, has discovered

that iridescence is also present in the animal world [1], specifically in the sea mouse (see

Fig.1.1-(b1)), a marine worm found in moderately deep water. The sea mouse is partly

covered with long, felt-like threads that produce a brilliant iridescence, a range of colors

that changes with the direction of the incident light and the direction of observation.

It is also characterized by iridescent spines. A scanning electron microscope (SEM)

image of a cross-section of a thread or of a spine reveals a periodic microstructured

pattern with hexagonal symmetry as shown in Fig. 1.1-(b2). Numerical studies

have shown that these two-dimentional (2D) PCs possess a partial bandgap (i.e., for

some directions of propagation of light), which is the physical explanation of their

iridescence.

Let’s consider the butterfly, a species in which color is generally produced in both

of the ways described above (Fig.1.1-(c1)). For some butterflies, such as the Morpho

rhetenor, one way of producing color predominates. The dazzling blue color obtained is

not from simple multilayer’s but from more complex nanostructures in the wing scales:

arrays of ornate chitin “Christmas Trees” that sprout at the surface [9] (Fig.1.1-(c2)).

Each tree-like geometry presents a stack of disk-like layers to the incoming light, which

acts as another kind of diffraction grating. These arrays may reflect up to 80 percent

of the incident blue light. And because they are not flat, they can reflect a single color

over a range of viewing angles, somewhat reducing the iridescence (organisms don’t

always want to change color or get dimmer when seen from different directions).

Opal, sea mouse, butterfly from three examples above as well as many other
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creatures in nature possess a common important feature, with that the capability of

producing colors and being iridescence is defined, that is the periodicity of material in

space at optical wavelength scales.

1.1.2 Photonic crystals

In the late 1980s the modern field of photonic structures was born. The development

was principally boosted by two milestone papers of John [10] and of Yablonovitch [11],

100 ans after the first experiment with periodic multilayer dielectric stacks made by

Lord Rayleigh [12]. A periodic array of materials with different refractive indices is

called PC. The attribute “photonic” indicates that the structural periodicity is on the

scale of the wavelength of the radiation field. The development relied on an analogy

between electrons propagating through solid matter with a periodic potential and

photons propagating through a periodic dielectric structure. A crystal, by definition,

is a periodic arrangement of atoms or molecules. The pattern with which the atoms or

molecules are repeated in space is the crystal lattice. The crystal presents a periodic

potential to an electron propagating through it, and both the constituents of the crystal

and the geometry of the lattice dictate the conduction properties of the crystal. The

theory of quantum mechanics in a periodic potential explains what was once a great

mystery of physics: in a conducting crystal, electrons propagate as waves, and waves

that meet certain criteria can travel through a periodic potential without scattering.

Importantly, however, the lattice can also prohibit the propagation of certain waves.

There may be gaps in the energy band structure of the crystal, meaning that electrons

are forbidden to propagate with certain energies in a particular directions. If the

lattice potential is strong enough, the gap can extend to cover all possible propagation

directions, resulting in a complete band gap, i.e., a gap between the valence and

conduction energy bands.

The optical analogue is the PC, in which atoms or molecules are replaced by macro-

scopic media with different dielectric constants, and the periodic potential is replaced

by a periodic dielectric function (or, equivalently, a periodic index of refraction). If

the dielectric constants of the materials in the crystal are sufficiently different, and if

the absorption of light by the materials is minimal, then the refractions and reflections
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of light from all of the various interfaces can produce the same phenomena for photons

(light modes) as those the atomic potential produces for electrons.

Photonic bangap

In order to gain more understanding on how light in a PC can be manipulated, one

must derive the eigenvalue problem of the Maxwell’s equation for electromagnetic

wave in a generalized periodic dielectric medium. The study of wave propagation in

three-dimensionally periodic media was pioneered by Bloch in 1928 [13], unknowingly

extending an 1883 theorem valid in one dimension by Floquet [14]. Bloch proved that

waves in such a medium can propagate without scattering, their behavior governed

by a periodic envelope function multiplied by a planewave. Although Bloch studied

quantum mechanics, leading to the surprising result that electrons in a conductor

scatter only from imperfections and not from the periodic ions, the same techniques

can be applied to electromagnetism by casting Maxwell’s equations as an eigenproblem

in analogy with Schrödinger’s equation. By combining the source-free Faraday’s and

Ampere’s laws at a fixed frequency ω, i.e. time dependence e−iωt, one can obtain an

equation for the magnetic field (also for electric field) in a modulated medium H(r):

∇ × 1

ǫ(r)
∇ × H(r) =

(

ω

c

)2

H(r), (1.1)

where H(r) is the magnetic field of photon, ω is frequency, c is the speed of light

and ǫ(r) is the macroscopic dielectric function. This is an eigenvalue equation with

eigenvalue (ω/c)2 and an eigen-operator ∇ × 1
ǫ(r)

∇×. The solutions H(r) and ω are

determined completely by the strength and symmetricity of ǫ(r). If ǫ(r) is perfectly

periodic, as in a perfect PC, the solutions are characterized by a wavevector k and a

band index n. The region of all allowed wavevectors is called a Brillouin zone and

the collection of all solutions is termed a band structure. A complete photonic band

gap (PBG) is a range of ω in the band structure in which there are no propagating

solutions of Maxwell’s equations for any k, surrounded by propagating states above

and below the gap. There are also incomplete PBG, which only exist for a subset

of all possible wavevectors, polarizations, and/or symmetries. The photonic band

structure related to simple one-dimensional (1D) multilayers can be considered using

basic ideas of interference. For example, Fig. 1.3-(a) shows the dispersive diagram
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Figure 1.3: (a) Dispersion relation (band diagram) of light, frequency ω versus
wavenumber k, in conventional materials; (b) Schematic effect on the bands of a
physical periodic dielectric variation (inset), where a gap has been opened by splitting
the degeneracy at the k = ±π/a, Brillouin-zone boundaries.

of light in uniform media, which is given approximately by ω = ck/n. When the

dielectric function of media is perturbed, suppose that we perturb ǫ so that it is

nontrivially periodic with period a. An example of a 1D PC shown in the inset of

Fig. 1.3-(b). In this case, the band is split at the k = ±π/a, a small gap is therefore

obtained. Generally, it follows that any periodic dielectric variation in one dimension

will lead to a band gap, albeit a small gap for a small variation. A perturbation of ǫ

dielectric function in 2D and 3D configurations is rather complicated, but obeys the

same mechanism.

As a practical example, a 3D structure as shown in Fig.1.4-(a) is formed by an al-

ternating hole-slab/rod-slab sequence in an ABCABC stacking of bilayers-equivalently.

This structure is a face-centered cubic (fcc) lattice of air cylinders in dielectric, stacked

and oriented in the <111> direction, where each overlapping layer of cylinders forms

a rod/hole bilayer simultaneously. Its band diagram is shown in Fig.1.4-(b) along the

boundaries of its irreducible Brillouin zone (from a truncated octahedron, inset), and

this structure has a complete gap of 21% (∆ω as a fraction of mid-gap frequency)

for ǫ = 12/1, forbidding light propagation for all wavevectors (directions) and all

polarizations [15]. Its fabrication, of course, is more complex than that of PC slabs

(with a minimum ǫ contrast of 4/1), but this and other 3D PC structures have been
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Figure 1.4: Band diagram (right) for a 3D-periodic PC (left) consisting of an alternating
stack of rod and hole 2D-periodic slabs, with the corners of the irreducible Brillouin
zone labeled in the inset. This structure exhibits a 21% omnidirectional band gap [15].

constructed even at micron (infrared) length scales [16, 17].

Thanks to many specific optical properties, PCs have been found in many applica-

tions for photonic devices that we will briefly overview as following.

1.2 Applications of photonic crystals

1.2.1 Role of defects in photonic crystal applications

Once we have a PC with a PBG we can introduce a defect to attempt to trap or

localize light. If we use a line defect (see an example of line defect in Fig.1.5-(a)), we

can guide light from one location to another. The basic idea is to carve a waveguide

out of an otherwise-perfect PC. Indeed, light that propagates in the waveguide with

a frequency within the ban gap of the crystal is confined to, and can be directed

along, the waveguide. This is a truly novel mechanism for guiding of light with

great advantages. Actually, light can be guided with very low losses within dielectric

waveguides such as fiber optics cables, which currently rely exclusively on total internal

reflection. But, if a fiber optic cable carved tightly, the incidence angle is too large for

total internal reflection to occur, so light escapes at the corners and is lost. Differently,

in PC, the propagation light continues to be confined even around tight corners with

extremely low loss. This feature results in a great advantage for photonic microdevices.
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(a) (b)

2 µm 2 µm

Figure 1.5: Waveguide and cavity defects in PC. (a) SEM image of a waveguide
structure [image from Ref. [18]]. (b) Single point defect on a 2D PC slap, [image from
Ref. [19]].

Besides, one can also create imperfection to trap light in a point within the crystal.

One class of imperfection of this type involves a change of the dielectric medium in

some local region of the crystal, deep within the bulk. As a simple example, consider

making a change to a single ‘dielectric atom’ by modifying its dielectric constant, or its

size, or simply removing it from the crystal. Figure 1.5-(b) shows a SEM image of a 2D

PC point defect , which consists of three missing holes in a central line. The holes are

designed as regular hexagons with side length of 100 nm and the periodicity of 300 nm.

This device was designed for enhancing light emission from emitters embedded in an

optical cavity.

A defect designed in PC is a very important feature for many applications because

of its capability to trap and localize light. The manipulation of light by such a way

has been found applicable in a broad band of applications, for example fiber optics,

ultra-low threshold laser, nonlinear optics devices and single photon source.

1.2.2 Photonic crystal fiber

An intriguing aspect of PC waveguides is that they provide a mean to guide tractably

and efficiently light through a narrow channel. Figure 1.6 shows some fused-silica

optical fibers that have a regular pattern of voids, or air holes, that run parallel to

its axis fiber. Unlike traditional fibers where both core and cladding are made from

a dense material, the presence of the voids in PC fiber is the main factor for rising
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(a) (b) (c) (d)

Figure 1.6: Schematic sketch of the PC fiber geometry (top) and SEM images of the
core and surrounding cladding for (a) a SC-PC fiber; (b) a suspended-core PC fiber;
(c) a HC-PBGF and (d) a kagomé HC-PC fiber [20].

its particular waveguiding properties. Indeed, wavelengths that fall within the PC’s

bandgap cannot propagate out and are thus confined within the core. As a result, the

core can even have a lower index of refraction than the cladding.

A fantastic application of PC fiber nowadays is the generation of continuum sources

[21, 22]. In this application, photonic crystal properties are combined with nonlinear

properties allowing to generate a broad and coherent light source, which cannot be

achieved by other standard materials.

1.2.3 Photonic crystal laser

Exploiting the capability of trapping light within a finite volume allows one to develop

a new class of PC laser. A nanocavity in a PC laser is a “defect” region in a

microstructured region of a high refractive index material. The existence of a PBG of

the crystal allows to modify the density of electromagnetic modes and thus to enhance

or suppress spontaneous emission. A local emission at the defect is therefore strongly

confined and amplified. In other words, the PC plays the role of a perfect mirror

around the defect. A PC laser is made by etching an array of holes into a material

resulting in a microstructured zone with high refractive-index contrast between the

air and the material. The difference in refractive index between the material and the
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surrounding air provides feedback to trigger laser emission in the vertical direction.

Until now, most PC lasers are realized with semiconductor materials by using a

combination of different techniques. For example, a 2D PC laser represented in Fig.

1.7 was formed in indium gallium arsenic phosphide (InGaAsP). A single defect was

designed in a 2D PC to trap photons inside the laser structure. The fabrication of the

laser cavities by mean of metalorganic chemical vapor deposition (MOCVD) and the

fabrication of the defect cavity required a number of dry etching steps followed by a wet

etching technique. The fabrication of the 2D PC was patterned using electron-beam

lithography. Figure 1.7-(b) shows a SEM micrograph of a top view of the fabricated

microcavity by using these techniques [23].

Other than PC laser, PC based micro- and nano-cavity can be used in many

other applications such as enhancement of nonlinear optics effects, a manipulation

of optical properties of single emitters. Importantly, the development of PC based

micro- nano-cavity are all related to the enhancement of localized optical effects via

the coupling of a single emitter to photonic devices. This interesting feature will be

discussed in following section.

Figure 1.7: (a) Cross section through the middle of the photonic crystal microcavity.
A defect is formed in the 2D photonic crystal by removing a single hole, thus forming
an energy well for photons similar to that for electrons in a quantum wire structure.
Photons are also localized vertically by TIR at the air-slab interface. The combination
of Bragg reflection from the 2D photonic crystal and TIR from the low-index cladding
(air) results in a three-dimensionally confined optical mode. (b) Top view of a
microfabricated 2D hexagonal array of air holes in a thin membrane with a central
hole missing. Photo from Ref. [23]

19



Chapter 1: Introduction

1.2.4 Coupling of single emitters to photonic crystals

Rising from the past decade, in the field of physics, especially in quantum physics,

wavelength-scale photonic devices embedding a single fluorescent nano-object has draw

a great deal of interest of many researchers. Indeed, a macroscopic photonic device

containing a single emitter is considered as a atomic-like two-level system (or as an

atom of two energy levels), which permits unidirectionally output one photon at a

time. This kind of system is on the way to realize a solid-state single photon source

whose applications are very promising in quantum information processing, quantum

keys and quantum cryptography [24, 25]. Once embedded in a photonic device, the

cavity-emitter system can perform a task for quantum information processing. In

such a case, if the emitter can be in a strong coupling regime with a cavity mode,

the Purcell effect lead possibly to realize a controlled entanglement of distinguishable

quantum systems. Realizing these tasks in the solid state is clearly desirable, and

coupling semiconductor quantum dots (QDs), or a single nitrogen-vacancy (N-V) color

center in diamond or a single plasmonic nanoparticle to PC cavities is a promising

route for this purpose [26–33].

A typical example of quantum dots-PC coupling is the experiment made by Albert

et al. in ref. [34]. In this experiment, quantum dots are coupled into solid state

micropillar cavities using the strong exciton–photon coupling regime. Micopillars

(sketch is shown in Fig. 1.8-(a)) consist in self-assembled InGaAs quantum dots and

two Bragg reflectors (DBRs). The DBR is a PC-based system, which is composed of

λ/4 stacked GaAs–AlAs layers that are grown by molecular beam epitaxy with 26 (30)

mirror pairs in the top (bottom) DBR. A layer of self-assembled In0.4Ga0.6As QDs

with a ground-state excitonic transition around 930 nm was inserted at the antinode of

the confined photon field in the λ-GaAs spacer. The as-grown planar microcavity was

dry-etched into the pillar structures, providing in-plane photon confinement. In inset

of Fig. 1.8-(a), a “Nano-towers fire off single photons” is an experimental realization

of such kind of quantum dots-PC system [37].

Figure 1.8-(b) shows an experiment made by Barth et al. in ref. [36]. In this

experiment, they used individual metal nanoparticles that are deterministically placed

on the dielectric backbone of a PC cavity by the use of an atomic force microscope tip.
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Figure 1.8: (a) Quantum dot - micropillar system: Sketch of the investigated micropillar
cavity and fluorescence characterization of the strong-coupling regime. [34, 35]. Inset
shows the “Nano-towers fire off single photons”. (b) A cartoon of the planar double-
heterostructure PC cavity and gold nanoparticles in an experiment for Tailored
Light-Matter Coupling (bottom) and atomic force microscope (AFM) images of a PC
cavity with a gold nanorod placed on top of the PC structure (top) [36].

This type of hybrid structure can exhibit both high quality factors and a pronounced

hot spot of the electromagnetic field, potentially enhancing the interaction of the

cavity mode with emitters or other types of active materials.

Besides the use of QDs and plasmonic nanoparticles as active materials coupled

with PC-based devices, many researchers use N-V color centers instead. In most

cases, the objective is to realize a solid state single photon source [37–39] based on

micropillars, nanowire antennas, microdisks or 2D PCs [36]. Experiments with N-V

centers are more difficult than those dealing with QDs or plasmonic nanoparticles

since N-Vs are randomly located in the diamond lattice. The controlled creation and

localization of a N-V center in diamond for efficient coupling into PCs still remain a

significant challenge [40].

1.2.5 Discussions

Although PCs have found widespread applications in many areas, the realization of

such kind of photonic structures at the nano scale remains a great challenge [41–43].
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The first challenge relates to the material choice, which should present a high dielectric

contrast in order to obtain a complete PBG. The second one relates to the fabrication

method, which should allow to achieve controllable and fine structural feature, such

as high resolution lithographic techniques.

• Materials are generally required to (i) be transparent over the range of PC

frequency operation; (ii) display a high dielectric contrast (PBG conditions);

(iii) be able to couple to active materials; and (iv) be relevant and easily adapted

to the chosen fabrication method.

• Fabrication techniques should: (i) be able to fabricate 1D, 2D and 3D PCs

with sub-wavelength feature size; (ii) be rapid, not complicated and inexpensive;

(iii) be capable of engineering arbitrary defects at accurate and arbitrary positions

inside the crystal; and (iv) not destroy or damage the used materials.

1.3 Methods for photonic crystal fabrication

Depending on materials and applications, different techniques have been identified for

the fabrication of multi-dimensional PCs. It is worth to mention some powerful tech-

niques, such as micromachining, colloidal self-assembly, interference photolithography

and direct laser writing.

• Micromachining is a basic technology for fabrication of micro-components of

size in the range of 1-500 micrometers. This approach has allowed the fabrication

of PCs for near-IR domain from high refractive index semiconductors. Microma-

chining can be done by a combination of various techniques (photolithography,

etching, LIGA, laser ablation, mechanical micromachining). For example, Lin

and collaborators created a so-called “woodpile micromachined” arrangement [44]

(see Fig. 1.9-(a)). In this technique, the periodic array is build up by depositing

lines of polycrystalline silicon into micron sized SiO2 trenches in successive layers.

Once the structure is built up, SiO2 is removed with HF, leaving a silicon-air PC.

Noda et al. have produced some kinds of PCs in GaAs using a similar layering

concept [45]. These PCs are created by carefully aligning, stacking, and fusing
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prefabricated GaAs wafers together with subsequent chemical- and dry-etching

processes.

• Colloidal self-assembly or self-assembly of colloidal microspheres or nanospheres

is a parallel fabrication technique based on chemical deposition. The structures

fabricated by this technique consists of low-refractive-index colloidal micro-

spheres, which are self-organized in close-packed (fcc) crystals by surface forces.

These crystals can be back-filled with a high index material, out of which the

original spheres are dissolved in order to form inverse-opal crystals with a com-

plete gap [46]. A typical example of such submicrostructures can be seen in

Fig. 1.9-(b), where a billion SiO2 microspheres of about 250 nm diameters are

arranged in a fcc crystal. So far, colloidal self-assembly is still considered as an

effective strategy for the fabrication of ordered micro- or nano-structures [47].

• Inteference lithography: An elegant approach, as described in reference [48],

uses a four-beam holographic method to create a 3D periodic interference pattern

in a block of photoresist. The high intensity regions of the interference pattern

render the photoresist insoluble, allowing a 3D periodic material to be formed

(Fig. 1.9-(c)). The holographic technique has the advantage of speed since

the entire pattern in the photoresist is created within a few seconds. However,

we note that the choice of photonic structures fabricated by this four-beam

interference is limited. Recently, by using two-beam interference with a multi-

exposure technique, Lai et al. demonstrated that it is possible to fabricated many

other kinds of 2D and 3D PCs [49, 50]. It remains to be tested to what degree

ideal defect-free structures can be experimentally realized, how the absorption

of the laser beams affects the thickness uniformity, and how intentional defects

and waveguides could be incorporated in those structures.

• Direct laser writing (DLW): This technique, as we will discuss in more

detail in the next section is usually based on two-photon polymerization of a

photosensitive material. It has emerged as a technique for the rapid, cheap and

flexible fabrication of nanostructures for photonic applications. As an example,

Hiroaki Misawa et al. demonstrated the fabrication of a 3D spiral PC with stop
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Figure 1.9: Some common techniques for fabrication of PCs. Micro-machining, colloidal
self-assembly, interference photolithography and direct laser writing.

gaps below 1 µm as shown in Fig. 1.9-(c) this sample was fabricated in a 25 µm

SU-8 film prepared by spin coating on a glass substrate [51].

Although these techniques have been demonstrated for successful fabrication of

PCs, each one having their disadvantages. For example, the micromachining method

requires a complex and expensive optical system for achieving ultrahigh-precision

alignment. In addition, direct layer-by-layer micromachining is an expensive, inflexible,

high-risk, and time consuming approach [52]. The second approach, which can generate

structures at the molecular level with sub-nanometer precision. But external forces

and geometrical constraints can alter the outcome of a self-assembly process, thus

resulting in a distortion of the resulted PC. Interference lithography, although offering

uniform, large area and very rapid, is impossible to design arbitrary shapes of PCs

and does not allows to create defect at will.
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DLW is time consuming and also quite expensive. But, out of that limitation, DLW

is very suitable for the fabrication of any desired 2D and 3D PCs at sub-micrometer

scale. Therefore, we present in the next section more detail about this fabrication

technique.

1.4 Direct laser writing

It is well-known that there are two types of absorption mechanisms in photosensitive

material (photoresist), namely one-photon absorption (OPA) and two- (or more)

photon absorption (TPA). OPA requires only one photon of the incident light to excite

a molecule. This is a linear absorption process, because the number of excited states

is linearly proportional to the intensity of the incident light. In contrast, in TPA, a

molecule needs two (or more) photons simultaneously to be excited. This process is

nonlinear because the probability to bring a molecule from its ground state to an

excited state depends non-linearly on the intensity of the incident light.

The fabrication of PCs by DLW technique can be realized by OPA or TPA

mechanism. However, until now, only the TPA-based DLW technique allows to realize

submicrometer 3D PCs. A DLW system can be divided into three main components:

(1) light source, (2) beam delivery system, and (3) substrate/target mounting and

translation system. For the light source, different lasers can be used, such as an

ultrafast femtosecond, or continuous-wave laser. To chose an appropriate source, one

must consider the fundamental interaction of laser with the material of interest. For

beam delivery, there is a variety of ways to generate a tiny laser spot, including fixed

focusing objectives and mirrors, optical fibers, or even fluidic system such as liquid-core

waveguides or water jets. The choice depends on the desired application, such as with

various adjustable parameters, required working distances, focus spot size, or required

energy. The ultimate beam properties will be determined by the combination of laser

and beam delivery optics. Finally, the substrate mounting and translation system is a

piezoelectronic device, which allows to move the focusing spot of the laser beam with

respect to the sample (or the sample to the focusing spot). The fabricated structure

is pre-designed by using a computer-aided design (CAD) model, which commands the

movement of the piezoelectric system via a computer of control. The accuracy and
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Figure 1.10: Schematic illustration of a direct laser writing system. PZT: 3D piezo-
electric translator.

resolution of the movement, hence the spatial resolution of the fabricated structures,

depend on the technology of translation stage and the quality of the optical focusing

system.

The basic experimental setup used for DLW is illustrated in Fig. 1.10. In order

to induce a TPA effect, a femto-second laser, usually a Ti:sapphire laser emitting

around 800 nm is used as an excitation light source. The beam is tightly focused into

a sub-micrometer spot by using a high numerical aperture objective lens. Only at

this focus region, the intensity is high enough to induce the TPA effect, resulting in a

polymerized structure. By moving this focusing spot, desired 3D structures can be

created. To do so, the sample is mounted on a 3D translator piezoelectric scanning

stage that provides the accuracy to pattern the resist with arbitrary 3D trajectories in

a volume of 300 × 300 × 300 µm3. Additionally, an another motorized scanning stage

can be moved laterally in an area of 10 cm× 10 cm for pre-alignment. All important

features and electric components are addressed by a control software programmed in

Labview or any automation packages incorporated with C, Matlab or Igor.

This TPA-based DLW allows to fabricate different photonic structures, which can
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be used in different domains, such as photonic, biology, microfluidics, etc.

1.5 Motivation and outline of the thesis

As discussed above, various techniques have been identified for fabrication of sub-

micrometer 2D and 3D PCs. Each method has its own advantages and disadvantages.

The limitations of these techniques are either the accuracy or the flexibility or the

cost or the consuming time for fabrication. Depending on the desired application, a

suitable technique can be employed. Concerning optical lithography, the interference

technique, for example, allows to fabricate rapidly PCs of large areas, but it does not

allow to create defect on demand. DLW appears to be an excellent candidate because

it allows for the fabrication of any kind of structures with or without defects at a

sub-micrometer scale. However, some disadvantages still remain for this technique

in comparison with other techniques mentioned above. Indeed, in a DLW system, a

femto-second laser source and its accompanying optical components, which are rather

expensive, are required.

The motivation of the thesis is directed by the idea of how to simplify the DLW

system and to reduce its cost. We therefore realized theoretically a novel method to

fulfill this motivation.

This thesis is organized as follows:

• In Chapter 1 we outline some fundamental aspects of PCs: A brief overview of

optical properties, applications and different techniques for fabrication of PCs.

We describe briefly the operation mechanism of TPA-based DLW, and point out

the motivation of the thesis.

• Chapter 2 is devoted to the theory of focusing of electromagnetic waves in

absorbing media based on the formulation of the Debye’s diffraction theory.

Results of this chapter guide us to fabricate desired 2D and 3D PCs.

• The first part of Chapter 3 deals with the experimental setup and characteriza-

tion of a DLW system based on OPA mechanism. In the last part of the chapter,
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we present our first experiment of OPA-based DLW in a modest absoption

regime in order to fabricate desired 1D and 2D sub-micrometer structures.

• Chapter 4 is dedicated to a new fabrication technique, called low one-photon

absorption (LOPA)-based DLW. We show that any sub-micrometer structures

can be fabricated by this simple and inexpensive technique. 1D (nanograting

structures), 2D (micropillar structures) and 3D - (woodpile, spiral and chiral

twisted) structures are successfully fabricated.

• In Chapter 5 we outline some effects which may cause the structures fabricated

by LOPA technique being shrunk or distorted. We propose and demonstrate

our strategy to deal with the accumulative nature of the linear absorption to

improve the resolution of the fabricated structures.

• In Chapter 6, we show our experimental realization of coupling single fluorescent

nanoparticles into micro-structure. This is realized by the LOPA technique with

a double-step process. We show an example of successfully coupling a single gold

nanoparticle into a spherical-shape polymeric micro-structure. This coupling

regime allows to enhance the fluorescence of single nanoparticles.

• Finally, we summarize the main results obtained within the frame of the thesis

and give an outlook of future experiment and research activities that will aim at

gaining further insights into the specific application of LOPA technique.
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Focusing of electromagnetic waves

in absorbing media

2.1 Introduction

Electromagnetic waves traveling from medium to medium with different refractive

indices and different optical properties have been extensively studied by a number

of authors. Of particular interest from both theoretical and practical points of view

is the diffracted-light distribution in the region of focus when light is focused by a

microscope objective lens. These investigations have contributed a lot in the domain

of optical microscopy to design better objective lenses, especially those with high

numerical apertures, as well as for high resolution optical imaging.

The literature that deals with the general focusing problem of electromagnetic

waves is well established since the basic theory proposed by Peter Debye from the

early nineteenth century for a superposition of homogeneous plane waves propagating

away from the aperture plane in a specific range of directions [53]. In 1959, Wolf [54]

was the first scientist who extended the Debye integral for high aperture focusing of

electromagnetic waves in a single homogeneous medium. His elegant theory was the

representation of the angular spectrum of plane waves, from which integral formula

similar to the Debye integral were obtained. This work paved the way to further

development of propagation and focalization of a light beam [55–62]. Authors derived

an exact solution of the homogeneous wave equation and demonstrated the validity
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of the extended Debye integral for systems that satisfy the high aperture condition.

Gasper et al. [56] demonstrated a rigorous solution of the problem and obtained

its asymptotic approximation and the derived expression for electric and magnetic

fields. They also used the presentation of the angular spectrum of plane waves and

considered the focusing problem for isotropic homogeneous media. Ling and Lee

[59] treated the focusing of electromagnetic waves through an interface. A boundary

condition in the form of a current distribution was used as a starting point, and

the representation of the angular spectrum of plane waves was also applied. In a

semi-geometrical approach, with the use of the stationary-phase method, expressions

were obtained for electric and magnetic fields. However, because of the complexity of

their theory, the use of their formulas for the computation of the electromagnetic field

near focus was not practical in most cases. In 1976, Gasper et al. were the pioneer

research group who considered an arbitrary electromagnetic wave as it travels through

a planar interface. Ji and Hongo [60] treated the different problems of a point source

and a spherical dielectric interface, using Maslov’s method, to obtain the electric

field in the focal region. A comprehensive treatment of different focusing theories

was later given by Stamnes [63]. In 1993, Hell et al. [64] considered the focusing

problem for mismatch refractive index (MRI) materials using the Fresnel-Kirchhoff

integral. They decomposed the incident electric vector into s- and p-polarized parts

and also calculated the effect of spherical aberration on the image formation for a

confocal fluorescence microscope. However, the integral formula that they used is

derived from the Green’s theorem, which requires the continuity of the field and of

its first and second derivatives within and on the boundary of the area of integration.

This is not the case for the normal component of the electric field and the tangential

component of the magnetic field, and so the final integral formula obtained may

not be rigorously correct. It is not until the work of Torök et co-workers [65] the

focusing of electromagnetic waves through a planar interface between materials of

mismatched refractive indices was fully described by the mean of matrix formalism.

They extended Richards-Wolf’s theory of a high-aperture glass lens which focuses light

through media with different refractive indices while introducing a considerable amount

of spherical aberration. Later, they extended their formulation for a stratified media

with difference refractive indices and proposed an analytic solution approximation
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for Debye-Wolf integrals and calculation methods. Almost at the same time, it was

shown independently by Wiersma and Visser [66] how to obtain the field in the second

medium by using a completely different method. They used a vectorial diffraction

theory, so-called m-theory by several contemporary workers. However, the performance

of all aforementioned authors’ formulations were numerically time-consuming and

usually suffered a fast oscillation by diffraction integrals which may cause numerical

artifacts. On the way for improving this, Leutenegger et al. [67] and Lin et al. [68]

proposed fast calculation techniques by using Fourier transform to obtain a numeric

diffraction performance. The calculation method given by Leutenegger et al. is faster

by 40× in comparison with the classical methods by direct integration.

So far, the literature uses different formalism models. Most of these models were

made by approximations of some rigorous solutions [56]. However, exact solutions of

either Maxwell’s or the wave equation have also been obtained [69]. Among many

approaches and formalisms, the ones given by Torök et al. [65], by Wiersma and

Visser [66] and by Leutenegger et al. [67] are often used because of the facilities for

numerically calculations. Equations or the wave equation have also been obtained.

From our knowledge we have noticed that, although the diffraction of light which is

focused through a planar interface between materials of mismatched refractive indices

has been extensively investigated, no attention has been paid to electromagnetic wave

focused into an absorbing media - the situation is usually encountered in practice

when light is focused into photosensitive materials through an oil or glass medium.

The investigation of the electromagnetic waves propagating in an absorbing medium is

not trivial when light is attenuated when traveling through. In an absorbing medium,

the refractive index is no longer determined by a single real quantity but by a complex

representation. The wave vector, hence, is no longer a real vector but is determined by

a complex vector, which is elliptically represented. There is a number of papers which

deal with the propagation of electromagnetic waves through single or double interfaces

between homogeneous isotropic and lossy media by using the ray tracing method

[70–81]. A general complex ray-tracing method is proposed to determine the refractive

indices, wave vectors, ray vectors (or Poynting vectors), and the polarization directions

of the refracted waves for an arbitrary direction of incidence and arbitrary orientation

of principal axes. Some “rigorous” expressions for the reflection and transmission
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coefficients derived by the papers of these authors were expressed in various manner

[82–86]. All these theories allow to explain experimental observations in different

situations.

In the nanofabrication domain, an expensive example is direct laser writing (DLW)

where light is focused into a photoresist. The investigation of the electromagnetic

wave focused into such an absorbing medium is important in DLW because that,

when light is focused in photoresists, the intensity of the focusing spot is continuously

attenuated as a function of depth from the interface (between a transparent medium

and a photoresist). The size and shape of the solidified volume at the focal region are

completely defined by a threshold (which is proportional to the iso-intensity level at

the focal region), at which the significant polymerization reactions occur.

The purpose of this chapter is to extend Wolf’s treatment of the diffraction problem

for the case when an electromagnetic wave is focused into an absorbing medium, in

order to get a deep insight about the physics of the focusing spot formation, which is

then applied for DLW.

The presentation of this chapter is as follows: In Section 2.2 we follow the same

approach previously established by Torök for lossless media to derive the integral

representation of the electromagnetic field in lossy media at the image space. In this

section we also decompose the electric and magnetic vectors propagating through the

optical system. In Section 2.3 we make use of the above results and give simplified

formulas for the electric and magnetic fields in the second material. Then we introduce

a numerical computation based on Matlab simulation to investigate the structure of

the diffraction pattern at the focal region of a high numerical aperture (NA) objective

lens (OL) for two general cases - without absorption and with absorption. Finally, we

conclude our findings of this chapter and discuss about the possibility of introducing

a new optical microscope with low absorption effect.
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2.2 Focusing of electromagnetic waves into an

absorbing medium

As mentioned before, Torök et co-workers have obtained a rigorous solution for focused

electromagnetic waves in a stratified lossless media [65]. In order to establish the

formulation of an inhomogeneous wave in absorbing media, we adapted their approach

to derive the electromagnetic field just before the interface between two media. The

field across the interface obeys the general Snell’s law of refraction that Fedorov and

Nakajimawe have recently obtained [87] (we introduce their formulations in appendix

A) for individuals plane waves incident upon the interface. The field derived just

after the interface is used as the boundary condition for a second set of integral

formula corresponding to a superposition of plane waves, which describe the field

inside the second medium. In this way the diffraction problem is solved in a rigorous

mathematical manner, and the solution satisfies the inhomogeneous wave equation.
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Figure 2.1: Diagram showing light focused by a lens into a single medium. A
point source situated in the object space at z = −∞ radiates a linearly polarized
monochromatic and coherent electromagnetic wave. The propagation wave is then
incident upon a lens of aperture Σ that produces a convergent spherical wave in the
image space. The origin O of the (x, y, z) coordinate system is positioned at the
Gaussian focus. The electric and magnetic fields are determined at the arbitrary point
P within the focal region.
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2.2.1 Debye-Wolf integral representation

We consider an optical system with a symmetric revolution with an optical z–axis as

show in Fig. 2.1. This system images a point source that is situated in the object

space at z = −∞ and radiates a linearly polarized monochromatic and coherent

electromagnetic wave. This wave is incident upon a lens of aperture Σ that produces a

convergent spherical wave in the image space. The origin O of the (x, y, z) coordinate

system is positioned at the Gaussian focus. The electric and magnetic fields are

determined at the arbitrary point P from an aperture which was taken to be large as

compared with the wavelength. In Fig. 2.1 and what follows, s = (sx, sy, sz) is the

unit vector along a typical ray in the image space and rP = (x, y, z) is the position

vector pointing from O to P . Let Ẽ(P, t) indicate the time-dependent electric field

and H̃(P, t) indicate the time-dependent magnetic field at P at time t, so that

Ẽ(P, t) = Re[E(P ) exp(−iωt], (2.1)

H̃(P, t) = Re[H(P ) exp(−iωt], (2.2)

where Re indicates the real part.

In a homogeneous image space the time-independent electric and magnetic fields

can be presented as a superposition of plane waves [53], and we use the form developed

by Wolf [54]:

E(P ) = − ik

2π

x

Ω

a(sx, sy)

sz

exp (ik[Φ(sx, sy) + s · rp]) dsx dsy, (2.3)

H(P ) = − ik

2π

x

Ω

b(sx, sy)

sz

exp (ik[Φ(sx, sy) + s · rp]) dsx dsy, (2.4)

where Φ(sx, sy) is the aberration function (describing the optical path difference be-

tween the aberrated and the spherical wave front along s, a and b are electric and

magnetic strength vectors, respectively, of the unperturbed electric and magnetic fields

in the exit aperture Σ, k is the wave number, and Ω is the solid angle formed by all

the geometrical optics rays (and which is therefore a limit for all s unit ray vectors).
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2.2.2 Extended Debye-Wolf integral representation

We note that Eqs.(2.3) and (2.4) represent a summation of the plane waves that are

leaving the OL’s aperture. In addition, the electric and magnetic fields do not depend

on the particular wavefront within the solid angle Ω over which the integration is

performed. This statement can be proved in a rigorous mathematical manner [88].

Equations (2.3) and (2.4) also show that the phase factor (apart from the aberration

function) is a scalar product of the vectors s and rp. As a consequence, the phase

factor expresses the optical path difference between wavefronts going through the

point P and the Gaussian focus O, unlike Fresnel-Kirchhoff integral, for which the

phase factor is proportional to the full path from aperture to P .

Our consideration is that, the image space of the OL consists of material 1 (lossless)

and 2 (lossy) with refractive indices n1 and ñ2 = n2 + iκ, respectively, which are

separated by a planar interface perpendicular to the optical axis, as shown in Fig. 2.2.

The origin O is positioned at the Gaussian focus. We reformulate Eq. (2.3) as follows.

In material 1 and at the interface (z = −d)) the incident electric field is given by

E1(x, y, −d) = −ik1

2π

x

Ω1

W(e)(s1) exp[ik1(s1xx + s1yy − s1zd)] ds1x ds1y, (2.5)

where subscripts 1 (and 2 in what follows) denote values corresponding to regions in

materials 1 (and 2), respectively, the OL is taken to be aberration free (Φ(s1x, s1y) = 0),

and

W(e) =
a(s1x, s1y)

s1z

. (2.6)

We shall not present the derivation of the formulas corresponding to the magnetic

field because, apart from the strength vectors, Eq. (2.3) and Eq. (2.4) are of the same

form.

To describe the field in the second material, we assume that each plane wave

component refracting at the interface obeys the complex Snell’s law, and the resulting

field is constructed as a superposition of refracted plane waves. If the amplitude of

the plane waves incident upon interface is described by W(e), then the amplitude of

35



Chapter 2: Focusing of electromagnetic waves in absorbing media

Σ

P

O

x

z
y

s
2

r P

k"

k'

u

in
te

rfa
ce z

=
-d

n1
n2

s
1

2

2

'

E(0)

E(1)

E(2)

Figure 2.2: Diagram showing light focused by a lens into two media separated by a
planar interface.

the transmitted plane waves in the second material is a linear function of W(e), i.e.

T(2)W(e), (2.7)

where operator T(2) is a complex function of the incidence angle, and of n1 and ñ2.

The transmitted field in the second material at close vicinity (z = −d + δ) of the

interface is given by

E2(x, y, −d) = −ik1

2π

x

Ω1

T(2)W(e)(s1) exp[ik1(s1xx + s1yy − s1zd)] ds1x ds1y, (2.8)

when δ → 0. We present the field inside the second material again as a superposition

of plane waves. In the second material, the wavenumber vector k2 has a complex

vector representation, i.e. k2 = k′

2 + ik′′

2, where k′

2 and k′′

2 are real vectors. Each

vector has its own direction of propagation which is characterized by the unit vector

s′

2 and s′′

2, respectively. In Appendix A.2 we shows that k′′

2 is always perpendicular

to the interface, hence the integration in Eq. (2.8) depends only on the orientation

of k′

2, hence s′

2. Now we can express the complex vector in the second medium

as k2 = k′

2 + ik′′

2 = k′

2s
′

2 + ik′′

2s′′

2 where k′

2 and k′′

2 are defined by |k′

2| = ω
c0

m′ and

|k′′

2| = ω
c0

m′′ with m′ and m′′ is defined by Eq. (A.15a)-(A.15b) in Appendix A.2. The
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time-independent wave equation in the second medium can now be written as

E2(rp) =
x

Ω2

F(e)(s′

2) exp(i(k2 · rp) ds′

2x ds′

2y,

=
x

Ω2

F(e)(s′

2) exp[i(k′

2s
′

2 · rp)] exp(−k′′

2z) ds′

2x ds′

2y. (2.9)

We must determine the function F(e)(s′

2), and for this we shall make use of Eq. (2.8),

which represents a boundary condition for Eq. (2.9). Furthermore, we shall establish

the relationship between s1 and s′

2.

From the vectorial law of reflection we have,

k′

2s
′

2 − k1s1 = (k′

2 cos φ2 − k1 cos φ1)u, (2.10)

where u represents the normal to the interface, φ1 = (s1, u) and φ2 = (s′

2, u), that

k′

2s
′

2x = k1s1x, k′

2s
′

2y = k1s1y. (2.11)

As a result of a coordinate transformation and setting s′

2 = f(s1), Eq. (2.9) becomes

E2(rp) =
x

Ω1

F(e)(s′

2) exp(ik′

2s
′

2 · rp) exp(−k′′

2z)

×J0(s1x, s1y; s2x, s2y) ds1x ds1y, (2.12)

where J0 is the Jacobian of the coordinate transformation :

J0 =

(

k1

k′

2

)2

obtained by the use of Eqs. (2.11). Equation (2.12) satisfies the boundary condition

represented by Eq. (2.8) when

F(e)(s1, s2) =

(

ik′

2
2

2πk1

)

T(e) a(s1x, s1y)

s1z

exp[−id(k1s1z − k′

2s
′

2z)] exp (−k′′

2d), (2.13)

Substituting Eq. (2.13) into Eq. (2.12), we obtain the electric field in the second

material:

E2(x, y, z) = − i

2πk1

x

Ω1

T(e)a(s1x, s1y)
k′

2
2

s1z

exp[−id(k1s1z − k′

2s
′

2z)]

× exp(ik′

2s
′

2zz) exp[ik1(s1xx + s1yy)]

× exp [(−k′′

2(z + d)] ds1x ds1y. (2.14)
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It is important to emphasize that, since both the boundary condition represented

by Eq. (2.8), and the integral representation from Eq. (2.9) are exact solutions of

the homogeneous and inhomogeneous wave equations. Therefore we have successfully

obtained a consistent extension of Wolf’s solution in the second material.

In order to perform the numerical calculation of the diffraction integral in Eq. (2.14),

we need to define an explicit form of the electric strength vector T(e). This term is

defined in Appendix ??.

2.3 Numerical results

We performed numerical computations by using our diffraction integrals of Eq. (2.14)

to determine the electric energy density distributions occurring when a hight NA OL

that obeys Abbe’s sine condition is used. The incident illumination is assumed to be

linearly polarized along the lateral x–axis of the Cartesian coordinate. It should be

noted that for a high NA OL (NA>1) it is necessary to immerse the lens in oil or in

water in combination with a microscope coverslip. If a glass is used as a coverslip, the

use of a glass-like materials as an immersion medium is necessary for refractive index

matching. In an optical microscope and DLW, oil is preferable. Glass and oil have

the same refractive index, which is about 1.51, so they can be considered as an unique

medium. For simplifying, we merely use the short term glass instead of glass+oil for

indicating the first medium. The numerical result for a glass-air system (air OL) has

been shown by Torök in Ref. [65], in this thesis we focus on a glass-photoresist system

(with use of high NA oil immersion OL). This configuration is important in material

science, especially in direct laser writing when light is focused into a photoresist layer

through a oil and glass medium. In what follows, we calculate the time-averaged

electric energy density distribution at observation points. The time-averaged electric

energy density distribution is written as:

〈we(rp, z, φp)〉 =
n2ǫ0

2
(E · E∗)

where n is the refractive index, c is the speed of light in vacuum, ǫ0 is the vacuum

permittivity and E and E∗ denote the electric field and its complex conjugate, which

are defined by Eqs. (2.14), after noting the modifications as shown in Appendix ??.
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Figure 2.3: Illustration of a laser beam focused in stratified media and different
notations used in numerical calculation.

The intensity is obtained by multiplying the expression of time-averaged electric

energy density distribution by the velocity of the wave, c/n, it can be expressed as

I =
cnǫ0

2
(E · E∗).

In this work, the integral formula are programmed by a personal code script based

on the Matlab software. Some details of the script are presented in Appendix B.

This allows us to numerically study the intensity distribution at the focal region of a

high NA OL as a function of different experimental conditions. For reason of unique

definition, we predefine our physical parameters as following (also see Fig. 2.3).

• The time-averaged electric energy density distribution is time-averaged of electric

energy density, which refers to the amount of energy stored in a region of space

per unit volume. For convenient, sometimes we use the short term electric energy

density instead.

• The term paraxial focus refers to a mathematical point where the focusing point

is located if the optical system is aberration-free (ideal case). In this case,

obviously, the Gaussian focus coincides with the paraxial focus.
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• The term depth refers to the depth below the interface where the paraxial focus

is located.

• The term axial direction refers to the positive or negative direction parallel to

the optical axis (z–axis).

• The term lateral direction refers to the direction perpendicular to the optical

axis.

• The term main maximum refers to the maximum of the time-averaged electric

energy density distribution at the focus.

• The term subsidiary maximum refers to the maximum value of time-averaged

electric energy density distribution at near focus within the focal region.

• The term global maximum is the highest value of time-averaged electric energy

density distribution within the entire region of interest; there can only be one

global maximum.

• The term global minimum is the lowest value of the time-averaged electric energy

density distribution within the entire region of interest; there can only be one

global minimum.

• The term global maximum can be coincided with the main as well as the

subsidiary maximum.

• The term focus shift refers to amount of shift from the paraxial focus of the

main maximum (when the electric energy density maximum’s position no longer

coincide with the paraxial focus due to spherical aberration).

• The term axial size and lateral size respectively refer to the full width at half

maximum of the focusing spot along the axial and lateral directions where the

intensity is measured. The short term FWHMs is used to denote both axial and

lateral sizes.

We also assume that the OL is aberration-free and we only consider the spherical

aberration due to the MRI of media in the image space. The reason is that modern
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high-performance lenses are generally well corrected for spherical aberration. Therefore,

when considering a real optical system, the assumption of a perfect spherical wave

emerging from the lens and converging toward the Gaussian focus point.

2.3.1 Lossless media

In this section, all numerical computations were performed for a wavelength of

λ=532 nm. First we studied the structure of the electromagnetic field distribution at

the focal region of an oil-immersion lens. In this case calculations were performed for

NA=1.15, NA=1.3 and NA=1.45 and refractive indices are n1 = 1.51 and n2 = 1.58

for the first and second material, respectively. We notice that although the electric

energy density values are given in arbitrary units, all values correspond to a constant

incident beam energy, and so the energies in all the figures in this section can be

directly compared.

In Figs. 2.4 electric energy densities are shown in the (xz)–plane for a numerical

aperture of (a) NA=1.15, (b) NA=1.3 and (c) NA=1.45, corresponding to solid semi-

angles in glass of 49.6◦, 59.4◦ and 73.8◦, respectively, those in photoresist are of 46.7◦,

55.4◦ and 66.6◦, respectively. Field at the depth of 5 µm is measured and the electric

energy density contours are plotted on a logarithmic scale. The results show how the

diffraction pattern is formed at the focal region. The diffraction pattern is distributed

to many subsidiary maxima and subsidiary minima, which are represented by iso-

energy curves. Different colors corresponding to different iso-energies are referenced

to color bars. For NA=1.15 the electric energy density is closely symmetrical about

the focal plane. For NA=1.3 it is slightly asymmetrical, this asymmetry being more

pronounced with the lateral subsidiary maxima. For NA=1.45 the distribution is

asymmetrical, the axial maxima being more pronounced in the positive z–axis direction

and the lateral maxima being displaced in the positive z–axis direction. The lateral

and axial sizes of the main maximum are substantially decreased with respect to those

corresponding to NA=1.15 and NA=1.3. Along the negative axial direction, local

maxima become smaller and local minima become larger; thus the modulation of

subsidiary peaks at the negative axial direction becomes less pronounced compared

with that at the positive axial direction. The innermost iso-energy density at the
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Figure 2.4: The time-averaged electric energy density distribution in the (xz) merid-
ional plane for (a) NA=1.5, (b) NA=1.3 and (c) NA=1.45 at a depth of d=5 µm.
Calculation for glass (n1 = 1.51) and photoresist (n2 = 1.58) and a wavelength of
λ=532 nm.

center of each pattern generally appears as an ellipsoid which indicates the maxima

electric energy density of the focal region. The axial and lateral sizes of this volume

reduces when going from –(a) to –(c). On going from the NA=1.15 to NA=1.3, the

electric energy density for the axial maximum increases by ≈ 1.6×, and on going

from NA=1.15 to NA=1.45, it increases by ≈ 1.65×. We expected large increments,

but in fact, they are quite modest. The reason is that, as NA increases, the initial

symmetrical pattern is progressively replaced by an asymmetrical one about the focal

plane. As a result, the iso-energy density volume is increased and slow down the

acceleration of the maxima electric energy density. The axial position of the maxima

electric energy density move forwards to the positive direction as NA increases. This

indicates that the focus shift increases as a function of the NA. In this configuration,

the focus shift is small. We calculated the time-averaged electric energy density for a

numerical aperture of NA=1.3 and for focus depths of (a) d=5, (b) d=10, (c) d=20,

(d) d=40, (e) d=80 and (f) d=160 µm. Figure 2.5 shows the results obtained with
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Figure 2.5: Time-averaged electric energy density distribution in the (xz)–meridional
plane for NA=1.3 and depths of (a) d=5, (b) d=10, (c) d=20, (d) d=40, (e) d=80
and (f) d=160 µm. Calculations for glass (n1 = 1.5) and photoresist (n2 = 1.58) at a
wavelength of λ=532 nm.

NA=1.3. The results show that, on going from a depth of d=10 µm to d=160 µm,

the electric energy density becomes less concentrated as depth increases. The main

maximum the electric energy density decreases by ≈ 4× (results not shown), ≈ 6.5×
(results not shown) and ≈ 8.2× for NA=1.15, NA=1.3 and NA=1.45 respectively. We

usually believe that the main maximum of the electric density is large at higher NAs

compared with the lower ones, but this statement must be carefully used when MRI

is large. This problem is discussed in more detail in the next example. The lateral

and axial sizes become smaller at higher NAs and becomes larger when increasing the

focus depth. Only ≈ 2 µm of the focus shift is observed at a depth d=160 µm.

Now we examine the following parameters: intensity, focus shift, and lateral (x)

and axial (z) sizes of the focus. It is important to describe the algorithm by which we

computed the axial and lateral sizes. First, intensity versus distance along the optical

z–axis axis was calculated, and the z value for the intensity maximum was determined.

Second, this curve was shifted to the negative electric energy density direction by half

of its maximum value. Third, the first roots along the positive and negative z–axis

directions were determined, and the distance between them gave the axial size. The
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Figure 2.6: (a) Maximum intensity (at the focus) as a function of numerical aperture
and depth. Calculated for glass (n1 = 1.51)–photoresist (n2 = 1.58) interface.

same procedure was repeated for the lateral distribution. The algorithm was done by

using a custommade-FWHM Matlab function.

In Fig. 2.6, the intensity is shown as a function of NA and focus depth. The lower

panel shows a painter plot, which is a projection of the plot in a plane parallel to the

(xy)–plane of the Cartesian coordinate. We can see that, for low NAs the intensity

does not much vary and remains low regardless of the depth. As NA increases, the

intensity increases and varies approximately inversely proportional to the depth. When

NA exceeds 1.1, the dependence of the function on the depth becomes nonlinear but

remains monotonic. At NA=1.1, the function is no longer monotonic. Many orders

of irregularity occurs at NA in the range 1.1-1.5. It is interesting that, the intensity

decreases smoothly at high NAs as depth increases. This can be seen clearly for

NA=1.5 where no irregularities are observed. In this case the intensity decreases

monotonically when increasing depth. A smoothing effect can be observed on the

function when NA and depth are large. It can thus be concluded that the three-

dimensional distribution of the electric intensity behave in a regular as well as in

non-regular manner within the calculated region. When working with a well-defined

NA one should pay attention at which depth the nonlinearity behavior occurs.

In Figs. (2.7) the focus shift is plotted as a function of NA and depth. Like for
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Figure 2.7: Focus shift as a function of NA and depth.

electric intensity, the focus shift shows linear then nonlinear behaviors as a function

of NA and depth. The linear regime is observed when NA approximately exceeds

1.15. When NA > 1.15, the dependence of the focus shift on the depth becomes a

nonlinear but monotonic function. The maximum of the focus shift observed in this

system is ≈ 2, 5 µm, at NA=1.1 and for a depth d=160 µm, the step-like behavior of

the focus shift due to the nonlinearity varies as a function of both NA and depth is

more complicated. In our investigation each jump-step is about 100 nm long.

In Figs. 2.8–(a) and Figs. 2.8–(b), the lateral (x) and axial (z) sizes, respectively,

are plotted as functions of both NA and depth. The calculation was performed for

NA ranging from 1.0 to 1.5 and depth ranging from 0 to 150 µm. The same trend of

variation as in the low NA case [89] is observed here, both the lateral and the axial

size change linearly when NA<1.1 and nonlinearly when NA>1.1. FWHMs start to

change nonlinearly at a depth of about 30 µm and NA = 1.1. Outside this region,

the FWHMs become nonmonotonic. Maximum lateral and the axial sizes observed

in this case are 0.362 µm and 3.996 µm for NA=1.1 and d=160 µm, respectively.

Interestingly, the lateral size increases very quickly at these value resulting in a sharp

peak in Figs. 2.8–(b). Although the nonlinearity exists, when NA is larger than 1.2,

the lateral size changes monotonically but the change is very small. All plots in –(a)
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Figure 2.8: (a) Lateral and (b) axial size of the focusing spot as a function of NA and
depth. For a depth d<30 µm, a linear behavior dominates. The nonlinearity makes
the focusing spot size to monotonically vary when NA<1.1 and nonmonotonic only
when NA>1.1. The well-defined linear region is limited by (d<30 µm and NA<1.1),
elsewhere the nonlinearity predominates.

and –(b) exhibit a similar trend, leading to a well-defined region within the computed

range of NA and depth where the FWHMs behave in a monotonic manner and another

region where they become nonmonotonic. Because of nonlinearity, working at a depth

larger than 30 µm is not recommended in the case of large spherical aberration.

Important conclusions can be drawn from the above numerical results for the
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lossless case. All results consistently predict a regular behavior (monotonic regions)

and an irregular behavior (nonmonotonic regions) of intensity, focus shift, and FWHMs.

The explanation of this unusual behavior is as follows. For small depths, the axial

distribution of the electric energy density is only slightly asymmetric around the

maximum. As depth increases, the spherical aberration introduced by the MRI

medium increases, and the axial distribution becomes more asymmetric. When

increasing depth, this strong degree of asymmetry induces a secondary maximum

located close to the main maximum. The distortion increases, and the main maximum

decreases, as a result of an increasing spherical aberration. The negative side distortion

increases sufficiently with electric energy density to it become equal to the original

maximum, which results in a widening of the distribution. These results show that

when the effect of spherical aberration is taken into account, it is essential to consider

the presence of the developing secondary maxima. In microscopy as well as in DLW

with high NA lenses, MRI is usually encountered, the secondary maxima is the

main factor which obstruct to get high resolution. In DLW, especially operating

in one-photon absorption mechanism, when the secondary maxima is dominant as

compared with the original maximum, high dimensional structures are impossible to

be fabricated.

2.3.2 Lossy media

We have numerically evaluated the convolution of the focused electromagnetic wave

in a lossless medium. All results suggest that, although light is not absorbed by

the material, the maximum intensity is reduced when increasing the focus depth.

Now we consider a general system where the second material is considered to be

lossy. In such a medium, light is continuously absorbed. The mathematical term

k′

2
2 × exp [−k′′

2(z + d))] in Eq. (2.14) expresses the exponential decay factor of the

electric field amplitude. It is worth to note that this term depends on the wave

vectors k′

2 and k′′

2 , on the depth of the focus d with respect to the interface and

z–axis coordinate of the observation point. Generally, the effective refractive index

is not a constant. It depends on: (i) the refractive indices of the first and second

medium n1 and n2; (ii) the extinction coefficient κ; and (iii) the refraction angle
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φ2 of each individual plane wave that strikes the interface. Such angle-dependent

effective refractive index to change the attenuation coefficient every moment during

numerical integration. The materials which possess high extinction coefficients (strong

absorption) and low extinction coefficients (weak absorption) are easy to be found

among a wide range of photoresists. In direct laser writing, there are three common

types of photoresist, namely SU-8, AZ® series and EPON resins. The extinction

coefficient of these photoresist vary depending on the applied wavelength. For sake

of comparison and simplification, in this section, we shall not consider the change of

refractive index with respect to the applied wavelength. Indeed, the refractive index

of the first (glass) and second medium (photoresist) are merely chosen to be n1 = 1.51

and n2 = 1.58 respectively. In all cases, an aberration-free OL with NA=1.3 is used.

We will examine three examples. In the first example we examine the structure of the

electromagnetic wave, especially in the intensity at the focus, with different extinction

coefficients. In the second example we study the structure of the electromagnetic wave

in both axial and lateral directions, especially the main maximum intensity at the

focus for different depths from the interface. In the third example, we investigate the

maximum intensity as a function of both NA of the lens and the depth d. In the two

first examples, a single wavelength λ=532 nm is considered.

In Fig. 2.9 the intensity is plotted in the (xz)–meridional plane for extinction

coefficients of (a) κ = 0.05, (b) κ = 0.0059014, (c) κ = 0.0009004 and (d) κ =

0.0000306. In all subfigures, the glass-photoresist interface is located at z = −40 µm.

For comparison, the extinction coefficients are chosen in a broad absorption range.

The absorption coefficients taken in this example correspond to those of common

photoresists used in DLW. Indeed, the extinction coefficient in Fig. 2.9–(a) can be

found in AZ 1500 photoresist at the wavelength of 0.405 µm, and those in Fig. 2.9–

(b)-(d) correspond to SU-8 photoresist at λ=308 nm, λ=365 nm and λ=532 nm,

respectively. However, as supposed, we simplify the problem by considering only a

single wavelength of λ=532 nm for all different extinction coefficients. Figure 2.9–(a)

shows that due to a high absorption coefficient, the electromagnetic wave incident on

the interface rapidly decays in the second medium just after the interface. Some light

can penetrate far in photoresist to reach the focus but does not reach geometrical

spot (focusing spot). In this case the global maximum is located near the interface.
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Chapter 2: Focusing of electromagnetic waves in absorbing media

Figure 2.9: Time-averaged electric energy density distribution in a meridional (xz)–
plane. Calculation are made for a depth of 40 µm and an extinction coefficient of (a)
κ = 0.05, (b) κ = 0.0059014, (c) κ = 0.0009004 and (d) κ = 0.0000306.

On going from the interface to the paraxial focus the electric energy density drops

by ≈ 1015. The local maximum drops 1/e times after traveling just ≈ 1 µm from the

interface, this length is well-known under the name penetration depth. As long as the

plane of constant amplitude is parallel to the interface, the penetration depth can

be dictated by Beer-Lambert’s law. In this case the calculated penetration depth is

≈ 0.85 µm.

In Fig.2.9–(b), the extinction coefficient κ = 0.0059014 is nearly ten times smaller

in comparison to that in Fig.2.9–(a), electromagnetic wave penetrates deeper in the

photoresist resulting in a geometrical focusing spot. The subsidiary maxima start to

appear along the positive direction and the energy distribution is more concentrated

on the opposite side. The iso-energy density curves tend to bound the focus. Although

the global maxima migrate from the near-interface to the focal region, producing a

perceivable focusing spot, most of light is absorbed along propagation.

In Fig. 2.9–(c), when the extinction coefficient becomes sufficiently small, κ =

0.0009004, the electric energy density at the focusing spot is much improved. The

energy distribution is more concentrated. Diffraction pattern appears clearly. The

electric energy density near the interface is three order of magnitude smaller than that
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in Fig. 2.9–(b). The electric energy density at the focus slightly increase. Near the

focus the energy density increases faster outwardly from the main maximum focus.

Decreasing further the extinction coefficient by about thirty times, κ = 0.0000306,

(see In Fig.2.9–(d)), the main maximum increases by 2.8× and the global minima

increases by 3.5× in comparison to that in Fig. 2.9–(c).

As compare to the case with no absorption, the main maximum reaches ≈ 0%

for κ = 0.05, ≈ 0.27% for κ = 0.0059014, ≈ 34.3% for κ = 0.0009004 and ≈ 96, 1%

for κ = 0.0000306. As expected, the energy is more concentrated at the focusing

spot when decreasing the absorption coefficient. The case of κ = 0.0000306 can be

considered a nearly transparent case. In such a case, the form, shape and intensity of

the focusing spot are closely identical to those without absorption case.
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Figure 2.10: Time-averaged electric energy density distribution is plotted in the (xz)–plane for depths of (A) d=10, (B)
d=20, (C) d=40, (D) d=80 and (E) d=160 µm. The correspond energy density distribution in the (xy)–plane are plotted in
–(a)-(e). Intensity distribution across the focal point of each case are plotted together in –(f). Calculation are made for an
extinction coefficient of κ = 0.0059014, NA=1.3, and a green light laser wavelength λ=532 nm. For comparison, inset in
subfigure –(f) the normalized intensity is plotted for the case without absorption (κ = 0).
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Now we examine the electromagnetic diffraction pattern at different focus depths

from the interface. In this study, the extinction coefficient is taken to be κ = 0.0059014;

other parameters of the system are unchanged. In Fig. 2.10 the averaged-energy density

is plotted in the (xz)–meridional plane for depths of (A) d=10, (B) d=20, (C) d=40,

(D) d=80 and (E) d=160 µm. The interface is on the left-hand side of each panel.

The lateral coordinate is [−4 + 4] as indicated in (E), which is the same as in (A)-(D).

The axial coordinate varies corresponding to each case.

When going from d=10 µm to d=160 µm, the main maximum decreases. The

global maxima at a depth larger than d=80 µm do not longer coincide with the main

maxima, but are located at near interface. The focus shift is larger at higher depths.

From (A) to (E) these are 0.32, 0.67, 0.83, 1.05 and 1.22 µm. As compare to the

lossless case, the main maximum is slightly shifted toward the negative direction. This

indicates that, not only the intensity is altered by absorption but also the focus shift.

The latter is less pronounced than that of the corresponding lossless case.

In Figs. 2.10–(a)-(e), a slice across the main maximum perpendicular to the optical

axis is plotted in the (xy)–plane for each case corresponding to –(A)-(E). The scale

bar in –(a) is 0.3 µm, the same scale holds for –(b)-(e). When going from d=10 µm

to d=160 µm, the lateral size of the main maximum increases and the maximum

intensity decreases. This indicates that the energy distribution is less concentrated

when increasing the depth. The intensity at the main maximum is plotted in –(f).

In this figure, intensities are normalized to the maximum intensity of the focus for a

depth d = 10 µm. As depth increases, the maximum intensity drops rapidly. Indeed,

when going from a depth d = 10 µm to d = 20 µm, the intensity deceases by about

5×. The maximum intensity continues to decrease by three, five and six orders of

magnitude for depths of 40 µm, 80 µm and 160 µm, respectively. For comparison,

the normalized intensities at the same depths are plotted together in the inset for

Fig 2.10–(f) for the case with no absorption.

In Fig. 2.11 the maximum intensity (left) and focus shift (right) are plotted as a

function of NA and focus depth. Calculations are made for SU-8 photoresist with

extinction coefficients κ corresponding to (a) λ=308 nm; κ = 0.0059014, (b) λ=365 nm;

κ = 0.0009004, and (c) λ=532 nm; κ = 0.0000306.

On the left column of Fig. 2.11 the maximum intensity is plotted as a function of
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Figure 2.11: Maximum intensity (left) and focus shift (right) are plotted as a function
of NA and depth for SU-8. Calculations are made for extinction coefficients κ
corresponding to (a) λ=308 nm, κ = 0.0059014, (b) λ=365 nm, κ = 0.0009014, (c)
λ=532 nm, κ = 0.0000306.

the numerical aperture and the focus depth. In –(a), we can see a little influence of

the NA when going from NA=1.0 to NA=1.5. Most of the coming light is absorbed

near the interface because of the absorption in this case is really strong. In –(b), the

influence of NA starts to appear. At a depth smaller than 20 µm, the higher NA

of the lens provides higher concentration of energy at the focus. For example, the

maximum intensity at the focus of NA=1.5 for a depth d=20 µm is as high as that

for NA=1.0 at the interface. The nonlinear behavior starts appearing at NA=1.3 and
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for a depth of 20 µm. The nonlinearity propagates towards lower value of NA when

increasing the focus depth. The situation is more clear in –(c) in which the absorption

is sufficiently small. In such a case the influence of NA on the electric energy density

at the focus is easier to visualize, as well as the nonlinearity. Interestingly, on going

from the interface, the maximum intensity produced by a high NA is attenuated more

quickly than in the case of low NA. For instance, the maximum intensity for NA=1.4

and a depth of d=40 µm is the same as for NA=1.1, at a depth d=60 µm.

On the right column of Fig. 2.11 the focus shift is plotted as a function of numerical

aperture and focus depth. The color bar is represented in the micrometer scale. The

influence of the absorption on the focus shift with respect to the paraxial focus is

evident. Indeed, the focus shift in the case of –(a) is quite small as compared to that

of –(b) and –(c).

A conclusion can be draw from results of this section, we can see that SU-8 is

nearly transparent at wavelength of λ=532 nm, the photoresist exhibits extremely

weak absorption. In this case, behaviors of the maxima intensity, focus shift as well as

many other aspects are mostly identical to the lossless case.

2.4 Conclusions and perspectives

We have obtained a formulation for the diffraction occurring when light is focused by

an aplanatic lens through a planar interface between a lossless and a lossy material.

In our formalism, the MRI and the attenuation factor are treated in a rigorous

mathematical manner. In our numerical calculations, time-averaged electric energy

density distributions in the region of the focusing spot ware evaluated for a glass-

photoresist interface with high NA OLs. The consistent results were obtained for

two general cases: with and without absorption. In the first case, we examined the

structure of the diffraction pattern at the focal region at different NAs and at different

focus depths. The result shows that as NA of the lens increases, the time-averaged

electric energy density distribution increases and the size of the main maximum

decreases. In general, if either the NA or the focus depth decreases, the focus shift

of the main maximum increases and the energy distribution becomes asymmetric,

with the axial and lateral maxima moving in the positive z direction. Quantitative
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data for the electric energy densities, sizes, and positions of the energy maxima were

obtained. In the second case we focused on the intensity distribution in the entire

calculation domain to highlight the effect of absorption. We paid our special attention

to the distribution of electric energy at the focus by calculating of the maximum

intensity as a function of numerical aperture and focus depth. The result shows that,

as the extinction coefficient increases, the main maxima at a given depth decreases

accordingly, light after passing through the interface is mostly absorbed by the material

and, very little light can reach the Gaussian focus. Conversely, as the extinction

coefficient decreases, the focused light can penetrate deeper, the maximum intensity at

the focus increases and the electric energy density becomes more concentrated. Hence,

the electric energy density of the focusing spot becomes denser, shaper in both size

and shape (lateral and axial size decreases). In DLW, when moving the focusing point

within a photoresist, and since polymerization is dominant at higher intensity points,

it is not possible to obtain a good result if the focusing spot is deformed or if intensity

distribution is not high enough. This issue will be treated in the next chapter.
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Chapter 3

Realization of photonic structure

by UV light-based direct laser

writing

In the previous chapter we have theoretically investigated the structure of electromag-

netic waves propagating in an absorbing medium through a planar interface. The

results have shown that the intensity at the focus is very high as compared with that

at its vicinity. For example, if an objective lens with a numerical aperture of 1.3 is

used to focus a 532 nm wavelength light into SU-8 photoresist, the intensity at the

focus at a depth of 10 µm is about three order of magnitude higher than that at an

off-axis point located at just 2 µm far from the focus. Thanks to such a high intensity,

a chemical change occurs only in the small volume confined by a iso-intensity level,

which exceeds a chemical reaction threshold. The chemical change of photoresist used

in the fabrication domain is predominated by photo-polymerization reaction, in which

monomers are linked together to form a long polymer chain. Polymers, in turn, are

twisted together to form a solidified macroscopic structure. Direct laser writing (DLW)

takes this principle to realize the fabrication of microstructures.

This chapter is devoted to experiment work. We first describe our experimental

setup and equipments, which are necessary for the realization of the DLW technique.

Then, we demonstrate the fabrication of some polymer-based photonic structures

by use of a pulsed UV laser operating at 355 nm wavelength. We theoretically
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and experimentally discuss the different aspects of this one-photon absorption-based

confocal microscope setup and the quality of the fabricated structures.

3.1 Direct laser writing system

Generally, the experimental setup for DLW is equivalent to a well-known confocal

microscope, which consists mainly of three parts: a light source, a magnification optics

system, a substrate/mounting sample translation system and a detection system, as

detailed in chapter 1. The experimental setup for DLW in our laboratory is shown

Figure 3.1: Sketch of the experimental setup for direct laser writing. Abbreviation:
L: lens, P: polarizer, PBS: polarizer beam splitter, λ/2, λ/4: half- and quarter-
wave plates, S: electric shutter, PZD: 3D piezoelectric translator, APD: avalanche
photodiode, Au NPs: gold nanoparticles, PC: computer connected with electronic
hardwares (controllers, PCI cards) and softwares (Igor, Labview programs).
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schematically in Fig. 3.1. The laser beam (wavelength of 355 nm or 532 nm) is directed

to the “beam stirring and magnification optics” system. Passing through this system,

the laser beam is extended and collimated by different lenses. The laser power is

monitored by using a combination of a half-wave plate and a polarizer. A quarter-wave

plate placed in front of the objective lens (OL) can be rotated to adjust the polarization

so as a desired beam polarization (circular, elliptic or linear) is obtained. The “clean”

beam with defined polarization and power is then focused into photoresist by a high

numerical aperture (NA) OL. The implementation of DLW achieved by scanning

the sample with respect the focusing spot of the laser beam. This corresponding

movement task is made by a 3D piezoelectric actuator state (PZT). Fluorescence

emission collected by the same OL is sent to the detection system. Data acquisition

and data analysis are accomplished by an external apparatus and integrated computer

softwares.

Below we describe in detail some optical components of the setup, which are used

thoroughly in all experiments of the thesis.

Laser source

In this work we used two kinds of lasers, which are continuous and pulsed laser

operating at 532 nm and at 355 nm, respectively. In DLW, both of them are used for

the fabrication of PCs in SU-8 photoresist. Besides, the 532 nm laser source is also

used for all system characterizations (confocal system, data acquisition calibration,

etc.) using a single gold nanoparticle (Au NP).

• Pulsed laser (Spectra Physics): 355 nm wavelength; maximum averaged power:

300 mW; pulse duration: 1ns; repetition rate: ≈ 100 kHz.

• Continuous wave laser (Oxxius): frequency-doubled Nd-YAG laser, 532 nm

wavelength, maximum power: 300 mW, Coherence length: 300 m; Pointing

stability: 0.005 mrad/C.

Note that the laser power of both lasers can be controlled by a computer.
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Translation system

In order to accurately translate the sample with respect to the focusing spot during

fabrication, DLW requires a high-resolution piezo-based translation PZT system. In

our experimental setup, a high-precision nanopositioning system for up to six degrees

of freedom is used (P365 PIMars Nanopositioning Stage - Physik Instrumente). This

piezo-based translation system offers large travel ranges of 300 × 300 × 300 (µm3) and

very high precision. According to the company specification, this device possesses a

resolution of 1 nm when operating in open-loop and 2 nm in close-loop regime. The

stability for an accuracy of about 10 nm can be maintained during a long period of

up to 5 hours. However, the precision and the stability is very sensitive to mechanical

vibrations and ambiance temperature. We tried to keep the PZT system far away

from any mechanical noise source and the room temperature was maintained within

20◦-25◦C.

Detection system

In our DLW system, the detection system is sketched by a dash-pink rectangle in

Fig. 3.1. This system is used for the calibration and optical characterization of the

system. The emission of the fluorescent object (glass/photoresist interface, Au NP)

is collected by the OL and sent to the detection system. A filter (long pass 580 nm-

cut off wavelength) is used to selectively transmit the fluorescent wavelengths while

blocking the original excitation wavelength (355 nm or 532 nm). The fluorescent beam

is focused into a small spot where a pinhole with diameter of 100 µm is placed so

that only the fluorescence from the focusing point of the OL can passes through the

pinhole and all out-of-focus light is blocked. After passing the pinhole, fluorescence

is detected by an avalanche photodiode (APD) (SPCM-AQRH-13 Perkin Elmer).

Optical-electrical signal transformation is performed by a PCI card (6014 M-series,

NI). Fluorescence images are then processed by computer software (Labview, Igor)
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3.2 Sample preparation

Figure 3.2 shows the sample preparation procedure. The samples following this

preparation procedure are supposed to be used in experiments for the characterization

of confocal microscope system and for the fabrication of submicrometer structures by

one-photon absorption-based DLW. Most of our DLW experiments were done with

SU-8 2000 series (MicroChem). For example, a 1D nanograting was patterned on a

0.5 µm thick sample (SU-8 2000,5); 2D micropillar arrays was patterned on 2 µm

thick sample (SU-8 2002); 3D photonic crystals were patterned on 25 µm thick (SU-8

2025) samples.

Generally, the procedure is composed of 2 steps: substrate cleaning and material

deposition, which are described as follow.

Substrate cleaning

The surface of the glass substrate (160 µm- thickness) is usually covered by dust and

organic contaminations, which reduce the adhesion of photoresist to the substrate.

In order to increase their adhesive properties, cover glasses must be submitted to a
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Figure 3.2: Illustration of sample preparation procedure.
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cleaning process before the deposition of the photoresist material. Our procedure for

cleaning is described as follow.

• Soap and ultrasound cleaning: cover glasses were immersed in soapy water for 10

minutes then cleaned by a cotton swab. To be more effective, cover glasses then

were subjected to ultrasound for 40 min to remove dust particles and residues

on the glass surface.

• Solvent cleaning: In order to remove oils and residual organic contamination,

cover glasses then placed into a tank of acetone for 5 min, then into a tank

containing isopropyl alcohol (IPA) for 1 min. This procedure is repeated several

times by exchanging cover glasses in acetone and IPA tanks repeatedly. Then

cover glasses were rinsed with a fresh IPA solution in another tank.

• Dehydration: After taking out of the IPA tank, cover glasses were rinsed with

DI water and dried with a nitrogen gun. The cover glasses were then placed on

a hot plate at 200◦C for 30 min.

• Cleaned cover glasses are left to cool down to room temperature for 10 min.

After cleaning, cover glasses are ready for the deposition of SU-8 photoresist or Au

NP using the spin-coating technique.

SU-8 deposition

After cleaning and cooling down the cover glass substrates, we used them immediately

for spin-coating. The sample preparation procedure for SU-8 is described in Table 3.1.

Table 3.1: Sample preparation procedure of SU-8 2000 series

Type Spinning speed Acceleration Time Soft-bake Thickness

(rpm.) (rpm.s−1) (min.) (min.) (µm)

65◦C 95◦C

SU-8 2000,5 2500 200 1 1 2 0.5
SU-8 2002 2500 150 1 1 2 2.0
SU-8 2005 2500 100 1 2 4 5.0
SU-8 2025 2500 100 1 2 7 25
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Table 3.2: Sample preparation procedure of Au NP on glass substrate

Type Spinning speed Acceleration Time Bake at 160◦C

(rpm.) (rpm.s−1) (min.) (min.)

Au NP 1500 100 1 15

Four types of SU-8 2000 series are used in this work. For each, the preparation

parameters in order to get the desired film thickness and best performance of used

material are shown. SU-8 2000,5/2002/2005/2025 were spin coated on a cleaned cover

glass substrate at high speed 2500 rpm, accelerating ramp time for 10/10/30/30 s

and hold on for 60 s. Soft-bake was applied just after several minutes of relaxation

at room temperature using hot plates, at 65◦C for 1/1/2/2 min, then at 95◦C for

2/2/4/7 min. The samples were then cooled down to room temperature and stored

overnight away from light in a box before exposure. Besides the ordinary conditions of

the sample preparation procedure, we have found that the adhesion is not sufficiently

good if the after-softbaked sample is not relaxed for at least a half of day. The same

sample preparation procedure was strictly kept for all our experiments.

Gold nanoparticles deposition

In experiments for system characterization or measurement calibration, 50 nm diameter

Au NPs (Sigma-Aldrich) were spun-coated on a cleaned cover glass following the

parameters as described on Table 3.2.

3.3 Optical characterization of SU-8 photoresist

samples

SU-8 is a kind of negative tone photoresist, which is composed of a resin, a photoactive

compound, and a solvent. When illuminated with light, the resin is converted into

an insoluble form typically by undergoing an increase in molecular weight or by
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formation of a new insoluble molecule. The increase in molecular weight is generally

achieved by polymerization or cross-linking of resin monomers. Insolubility can also

be attained by initiating a photochemical reaction to alter polarity or hydrophobicity.

For polymerization and cross-linking reactions, the photoactive compound is generally

a photoinitiator which forms free radicals or strong acids upon exposure to light.

On the way of realizing OPA microscopy-based applications, qualitative character-

ization of absorption and fluorescence of SU-8 is required in order to gain knowledge

about the one-photon response of material. For this purpose, one should optically

measure the absorption band and fluorescence spectra when material is exposed to

Ultra-Violet-Visible (UV-Vis) light.

To measure the absorption band of SU-8 we prepared three sets of samples with

2 µm, 5 µm, 25 µm thickness. The absorption spectra was recored by Perkin Elmer

UV-Vis Spectrometer for absorbance measurement. Figure 3.3-(a) shows the measured

absorbance of a 25 µm thick film. We note that, although the absorbance is very close

to zero for wavelengths larger than 400 nm, SU-8 still presents a linear absorption

even at 532 nm.

To obtain the absorption coefficient from the measured absorbance, we apply the
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Figure 3.3: (a) Absorbance spectrum of uncured SU-8 photoresist with a thickness of
25 µm at λ = 532 nm, the absorbance is about 0.0078. (b) Fluorescence spectrum of
SU-8 as a function of time, obtained by an excitation at λ = 532 nm.
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following relation [90]:

α = 2.303
A

d
, (3.1)

where α is the absorption coefficient, A is the absorbance, d is the film thickness and

2.303 is a conversion factor from a decimal to natural logarithm.

The relationship between the absorption coefficient α and extinction coefficient κ

is:

κ =
αλ0

4π
, (3.2)

where λ0 is the wavelength of light in vacuum.

From the above relation we calculate the extinction coefficient of SU-8 for a film

thickness of 25 µm at a wavelength of 532 nm: κ = 0.0000306419. This result plays a

particularly and extremely important role in our theoretical as well as experimental

studies in this thesis.

According to the measured absorption spectrum of SU-8, we examined fluorescence

spectra by applying an excitation light at 532 nm. For this experiment, a green laser,

of about 100 mW, was lightly focused into a 25 µm-thick SU-8 sample by using a

simple lens of f = 100 mm. The fluorescence was detected by an Ocean spectrometer.

Figure 3.3-(b) shows the fluorescence spectra of SU-8 photoresist, in which 15 curves

corresponding to the fluorescence spectra measured at different exposure times are

recorded. The exposure time at which we recorded the fluorescent spectra are 10 min,

20 min... 150 min which correspond to curves from the vertically lowest to the highest

orders. We found that the fluorescence signal decreases quickly as a function of time,

probably due to the polymerization effect. The study of fluorescence mechanism of

SU-8 is out of the scope of this study. The important conclution is that SU-8 absorbs

a laser beam at λ = 532 nm and emits in the VIS range. Based on this fluorescence

measurement, we therefore used a long-pass filter with a cut-wavelength at 580 nm

to detect only the fluorescence signal. The fluorescence signal of SU-8, even very

weak, allows to characterize the sample, particularly for the determination of the

glass/photoresist interface.
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3.4 Characterization of the confocal microscope

system

The alignment and the characterization of the optical system is a very important

task in DLW to get rid of some optical aberrations. In an imaging system, optical

aberrations normally refer to distortion, spherical aberration, chromatic aberration,

coma, astigmatism, Petzval field curvature, defocus and tilt. Almost optical aberrations

originate from the imperfection or defects in optical devices, some of them are due

to the misalignment of optical elements within a system [91]. Determining what

aberrations are present in an optical system is not always an easy task. Usually two or

more aberrations are present in any given system. Experimentally we should get rid of

certain aberrations due to the misalignment of the optical system. However, spherical

aberrations inherently exist in most DLW systems due to the refractive index change

between different media. Alignment and optical characterization are mutually related

and hence need to be optimized.

Figure 3.4: Fluorescence image in the (xz)–plane in an interface determination
experiment. The bright strip close diffraction limit width containing the interface.
The exact z–position of the interface is obtained by curve fitting.
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Before starting an experiment with DLW, we always check the state of the system

by using a Au NPs sample. Imaging a single Au NP is a good way to verify whether

the system is well aligned or not. Here we show an experiment, in which we “correct”

the DLW system from misalignment.

In this test, a circularly polarized laser beam with wavelength of 532 nm was

focused by a NA=1.3 lens in the back side of a cover glass substrate through a oil+glass

media. On top of the back side, 50 nm-diameter spherical Au NPs were prepared

following the procedure that we have described above.

The characterization of the system starts by scanning the focusing spot in a

longitudinal (xz)–plane to determine the air/glass interface. An example of Au NPs

fluorescent image is shown in Fig. 3.4. In this image, the bright horizontal strip

indicates the fluorescence at the air/glass interface. The width of the strip is about

500 − 600 nm and cannot be narrower because of axial diffraction limit. Hence the

interface position (z–value) is determined only via data plotting and data fitting using

computer softwares. Once the air/glass interface position has been determined, we

scanned the focusing spot in the (xy)–plane at a z–position corresponding to the

interface.

Figure 3.5–(a) shows a fluorescence image obtained from a scan in the (xy)–plane

and at z = 72 µm. In this image, Au NPs appear as blue dots. It is worth to note that,

by spin-coating technique, Au NPs are not usually well separated from each other.

On a glass substrate, both single particles and cluster of gold particles are found. By

zooming–in a bright blue dot we are going to image a single particle. Figures 3.5–(b)

and 3.5–(c), show the fluorescence images obtained by scanning in the (xy)–plane

and the (xz)–plane, within a 2 × 2 (µm) range. The bright spot at the center of each

image represents the emission of a single Au NP. Note that, for the same excitation

power, the Au NP fluorescence is much higher than that of the air/glass interface.

Since the size of Au NPs is very small (50 nm), it can be considered as a point-like

source. The fluorescence spot of a single Au NP therefore represents the point spread

function (PSF) of the used OL. The experimental axial and lateral sizes of the PSF

function is about 0.240 µm and 0.580 µm, respectively. These values being close to

the theoretical ones.

From this test, we confirm that the optical system is well aligned and ready for
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Figure 3.5: (a) Scanning image in the (xy) plane: Au NPs appear to be blue dots. In
the color bar, k stands for ×103. (b) and (c) micrographs of the scan in the (xy) and
the (xz) planes: PSF function of a single Au NP in both lateral and axial axis.

fabrication. However, we note that there exists a small distortion of the focusing

spot, as evidenced in Fig. 3.5-(c), due to the refractive index mismatch between glass

and air. This spherical aberration is further tested by using other OLs. Figure 3.6

shows the simulation and experimental results for three different OLs. The spherical

aberration is clearly seen and is impossible to eliminate in such application. However,

we expect that when working with a glass/photoresist interface, this effect will be

minimized.
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Figure 3.6: Fluorescence images of the single Au NP obtained in the (xz)–plane
with (a) NA=0.4, (b) NA=0.65 and (c) NA=1.3. Left: Simulation results; Right:
experimental results.

When the confocal system is well characterized and optimized, it is ready for the

fabrication of polymer-based photonic structures by DLW technique.
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3.5 Fabrication of 1D and 2D photonic structures

by one-photon absorption-based DLW

In this section, we realize one-photon absorption (OPA)-based DLW for the fabrication

of micrometer scale structures. In this experiment, an OL with NA of 1.3 is used; SU-8

is used as the photoresist and a laser source with wavelength of 355 nm (UV laser)

is used as the excitation source. Figure 3.7–(a) shows the measured absorbance of

SU-8. At 355 nm, absorbance is 0.464, which corresponds to an extinction coefficient

of 0.0012. At this wavelength, the structure of the diffraction pattern at the focus is

more or less the same as for the case previously investigated in Fig. 2.9–(c) and Fig.

2.11–(b). SU-8 photoresist at this wavelength exhibits a quite high absorption. In

photolithography and interference lithography, this wavelength is preferred because of

efficient fabrication of 2D structures.

In Fig. 3.7–(b) the normalized maximum intensity at the focus is plotted as a

function of the focus depth. The calculation was performed for NA = 1.3, a wavelength

of 355 nm and an extinction coefficient of 0.0012. The result shows that the intensity

of the focusing spot decreases quickly as the focus depth increases. The maximum

Figure 3.7: (a) Absorption spectrum of SU-8 photoresist. (b) Normalized maximum
intensity at the focus as a function of depth. The calculated extinction coefficient of
SU-8 at a wavelength of 0.355 µm is 0.0012
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Figure 3.8: Fabrication of low dimensional structure by high absorption DLW. (a)
SEM image of 35 different 1D CPC structures with different scanning speeds, ranging
from 10 µm/s to 28 µm/s. Zoom-in views of a 1D CPC structure with the pitch of (b)
500 nm, and (c) 1000 nm.

intensity at the focus at a depth of 10 µm is reduced down to 43% as compared to

that at interface. Therefore, a DLW employing this excitation wavelength allows to

fabricate structures with limited thickness .

In the first experiment we fabricated a series of nanogratings on a 0.5 µm thin

film of SU-8 photoresist. A nanograting pattern consists of parallel lines made of

SU-8, surrounded by air gap. A nanograting is fabricated by scanning the laser spot

relatively to the sample one-by-one along the x-axis. The laser power and scanning

speed are important parameters, which define the line width of the structure. An

increase of the laser power or a decrease of the scanning speed broadens the line

width. To identify the condition of fastest writing and smallest features, the scan

speed was closely fixed to the maximum speed of the mechanical stage and the laser

power was varied. No pattern was left when the photoresist was exposed below a

certain threshold laser power. Under an optimized laser power for the smallest line

width and stable features, submicron patterns could be obtained.

Figure 3.8–(a) shows a SEM image of an patterned sample in which we fixed the

scanning speed to 10 µm/s while varying the laser power from 50 µW to 170 µW by an
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Figure 3.9: Fabrication of low dimensional structure by high absorption DLW. (a) 1D
nanograting structure and (b) 2D CPC structure.

increment of 5 µW. The optimum power of 70-90 µW and optimum scanning speed of

10-12 µm/s were derived from those experiments. Figure 3.8–(b)-(c) show experimental

results of the fabricated structures when applying these optimum parameters. Very

small feature sizes have been obtained, for example, in Fig. 3.8–( a) nanogratings with

a 150 nm line width and 500 nm pitch are fabricated.

In the second experiment we fabricated a series of circular photonic crystals (CPCs)

on a 2.0 µm thin film. CPC is a periodic structure, which consists of concentric

micropillars growing on the substrate. The CPC structure is applied, for example, to

improve light extraction efficiency and output uniformity of a photoelectric conversion

device [92]. We also carried out several tests in which either laser power is fixed while

the scanning speed is varied or vice-versa. The aim of these experiments were same

as that of the first experiment: optimization of the fabrication parameters to get the

smallest feature size. In Fig. 3.9–(a), a SEM image shows a series of CPC structures,

which are fabricated by fixing the laser power to 50 µW while varying the scanning

speed from 10 to 28 µm/s along z direction across the entire thickness of the sample.

The obtained optimum power obtained from these experiments is 50 µW and optimum

scanning speed is 22 µm/s.
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Applying these optimum parameters we carried out further experiments in which

the period (of CPC structures) was changed. The goal of these experiments are to reach

the smallest possible size of these structures. For example, the CPC structure shown

in Fig. 3.9–(b) has a 500 nm period. It is obvious that the diameter of micropillars in

each pattern varies from the periphery to the center, in particular when the period

decreases to the diffraction limit.

Inset of Fig. 3.9–(c) shows a micropillar with narrowed tip. The diameter of the

pillar at the top is ten times smaller than that of its base. This effect can be explained

by our calculation, which has been shown in Fig. 3.7, i.e. that the maximum intensity

at a depth of 1.5 µm is ten times smaller in comparison with the maximum intensity at

the interface. The absorption effect, which leads to the deformation of the structure,

is more pronounced when increasing the height of the structure.

Now we examine an important case where OPA DLW using UV-light is attempted

to fabricate 3D PC. Sketch on the top of Fig. 3.10 shows a 3D woodpile PC, which

consists of layer-by-layer of stacked parallel rods with a half -period shift between

two successive layers in the same direction. The width of the rod is defined by w; the

distance between two adjacent rods is defined by d; the distance between two adjacent

layers is defined by h and the distance between two adjacent unit cell is defined by

c. The construction of the structure using DLW is described as follow. First, the

first layer was written on the cover glass substrate (each rod is written along the x

direction). The second layer was then written along the direction perpendicular to the

first layer, vertically separated by a distance h from the first layer. The third layer

was constructed in the direction perpendicular to the second layer (hence parallel to

the first one), and was shifted by d/2 along the y direction with respect to the first

layer. The forth layer was written on the top of the third one, also distances by h

from the third one and was shifted by d/2 with respect to the second layer. Repeat

the procedure by layer-by-layer stacking in the same manner until the height of the

structure meets specification. In the experiment with a 3D woodpile structure, we

carried out many tests by varying the laser power and scanning speed, alternatively.

We also varied the size of the structure by changing the distance between two adjacent

layers (hence the size of overall structure is changed accordingly). However, after

many tests, we found that no structures were fabricated or most fabricated structures
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Figure 3.10: Fabrication of 3D PC structures by strong absorption DLW. (a) a model
of 3D woodpile structure. Parameters c, w, d, and h are defined in the text. (b)
Experimental result of woodpile structure. Image shows the structure’s top-view and
a part of the side-view (inset). While very poor quality of spaced rods is observed
from the top-view, no separated rods is observed from the side-view.

were completely solidified even if the laser power was sufficiently weak. Among many

experimental results, the structure shown in Fig. 3.10–(b) was the best one. In this

structure there are some spaces between rods. Separated rods can be seen from the

edges of the structure or only at the top but not in the bottom part. Once again, this

result confirms the strong absorption effect of the SU-8 photoresist at 355 nm. We

confirmed that there is no way to improve this problem and the fabrication of 3D PCs

with UV light was unsuccessful. However, this result suggests that if the absorption

effect is decreased, we could obtain clear 3D structures.

3.6 Discussions and conclusions

We have presented in detail about the experimental setup and different aspects which

affect the quality of the DLW system. We described the sample preparation procedures

for SU-8 and Au NP samples. We evaluated the tolerance of the confocal system

through imaging the PSF of single Au NP. The PSF can be considered as a figure of

merit of confocal system, which depends on numerous optical components used in the

system. The strong absorption of the material (such as SU-8 which strongly absorbs

the UV-light) is compatible with an efficient fabrication of 1D and 2D structures with

feature size of about several hundreds nanometers, but it is impossible to fabricate 3D
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PC structures. The effect of strong absorption imposes a limit to 3D fabrication not

only along the third dimension (z–dimension), (hence the working thickness is limited),

but also perturbs the uniformity of the fabricate structures. However, through these

tentative fabrications of 3D structures with one-photon absorption, results suggest

that the fabrication of 3D structures is probably possible if the linear absorption could

be minimized. The fabrication of 3D structures in a low absorption regime will be

theoretically and experimentally presented in the next chapter.
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Low one-photon absorption

direct laser writing

Direct laser writing (DLW) has adapted two excitation mechanisms for photo-induced

fabrication of sub-micrometer structures, namely one-photon (OPA) and two-photon

absorption (TPA), aiming at specific applications. Indeed, when using a thin film,

the OPA excitation method is a very convenient technique, based on a simple and

low cost laser source operating at a wavelength located within the absorption band

of the thin film material. However, due to a strong linear absorption, this method

is limited to the surface of the sample, i. e. to a two-dimensional (2D) scanning as

evidenced in chapter 3. High spatial resolution 3D imaging or fabrication is therefore

impossible with OPA method applied to strongly absorbing samples. In contrast, TPA

excitation provides intrinsic 3D addressing, thanks to a local nonlinear absorption,

which occurs only for the very high local intensity provided by tight focusing in

a confocal laser scanning microscope (CLSM) combined with a femtosecond laser

operating at a wavelength around 800 nm for which the material is fully transparent

[93, 94]. This TPA nowadays allows many potential applications in different domains,

in particular, for 3D imaging and 3D fabrication of sub-microstructures, but requires

expensive laser sources and complicated optical components [95–98].

With aim of reducing the cost of the production and simplifying the fabrication

system, we developed a new method based on the ultra-low absorption (LOPA) of the

photoresist at a particular wavelength. The technique is expected to fabricate desired
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1D, 2D and 3D submicrometer structures equivalent to those obtained by TPA.

In this chapter, the blueprint of this novel method is presented in section 4.1 and

experimental realization of the method for the fabrication of 1D, 2D and 3D photonic

submicrometer structures is shown in section 4.2. In the last section of this chapter, a

conclusion and a discussion of the method for a potential wide range of applications

are presented.

4.1 Concept of low one-photon absorption

direct laser writing

On the course of demonstration of the new technique, we made use of SU-8 photoresist

as a typical representative of the photosensitive material class, which is widely used

in MEMs as well as in many other applications. First, we theoretically make a

short comparison between high and low absorption of SU-8 photoresist at different

wavelengths, which allows us to introduce the LOPA concept and to identify LOPA’s

requirements. Finally, we discuss about a specific application of LOPA for DLW.

In Fig. 4.1 the maximum intensity at the focus is plotted as a function of focus

depth for a numerical aperture (NA) of 1.3 and three values of SU-8 extinction

coefficients. These extinction coefficients are calculated by the formula and the

absorption spectrum shown in chapter 3. For clarity only a depth range of 25 µm is

plotted. We compare three specific cases. The first case deals with a wavelength of

308 nm with an extinction coefficient κ = 0.0059014 located at the peak absorption of

SU-8. In such a case the intensity at the focus exponentially decreases and comes very

close to zero beyond a depth of 20 µm. For some applications such as in nanoelectronic

circuit design where a thin film (< 500 nm) is treated, an excitation wavelength

located at the absorption peak is favorable for efficient fabrication. DLW operating at

this wavelength offers rapid fabrication and high resolution. The second case deals

with SU-8 photoresist and an excitation wavelength of 355 nm. This scheme is very

common practice in photolithography, particularly for high-aspect-ratio structure

fabrication. However, SU-8 photoresist at this wavelength still possesses a quite large

extinction coefficient κ = 0.0009004. Again, the maximum intensity of the beam focus
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Figure 4.1: Maximum intensity at the focus plotted as a function of focus depth
for three extinction coefficients of SU-8: κ = 0.0059014 (solid-violet curve) at λ =
0.308 µm; κ = 0.0009004 (dash-blue curve) at λ = 0.355 µm; And κ = 0.0000306
(dash-dot-black curve) at λ = 0.532 µm. Calculated for NA=1.3, λ=532 nm, n1 = 1.51
(glass) and n2 = 1.58 (SU-8).

attenuates rapidly from the surface as it travel through a glass/photoresist interface.

According to our calculation, only 20% of the maximum intensity is retained after

propagating through a distance of 25 µm from the interface. Now we consider the

third case, where a wavelength of 532 nm is used for excitation. In this case, the

attenuation factor at the extinction coefficient κ = 0.0000306 is really small, the

maximum intensity retains 60% after traveling a distance of 25 µm from the interface.

Actually, the absorption of SU-8 at 532 nm is really low as compared to that at

308 nm and at 365 nm. To know how the attenuation of the maximum intensity in

the case of 532 nm is close to the case without absorption, we do compare the trend

of attenuation between lossy and lossless cases while keeping the same conditions of

the system (except setting the extinction coefficient to be zero for the lossless case).

In addition, we compare between two cases: with mismatched refractive index (MRI)

and without mismatched refractive index (MRI-free). The former is supposed to be

the main cause of attenuation in the cases shown in Fig. 4.1.

In Fig. 4.2 the maximum intensity of the focus is plotted as a function of focus

depth for a NA = 1.3, wavelength λ = 532 nm and two extinction coefficients: κ = 0

corresponding to the lossless case (solid-red curves) and κ = 0.0000306 corresponding
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Figure 4.2: The normalized maxima intensity at the focus is plotted as a function of
focus depth for two different circumstances: with MRI (n1 = 1.51, n2 = 1.58) and
without MRI (n1 = n2 = 1.58). Calculated for NA=1.3, λ=532 nm and κ = 0.0000306
(dash-blue curves). For comparison, the corresponded case of without absorption is
also plotted (solid-red curves).

to the lossy case (dash-blue curves).

We examine the first situation where MRI is present in the system (two curves

at lower part in Fig. 4.2). In this case, the refractive index of the first and second

medium is n1 = 1.51 and n2 = 1.58, respectively. The result shows that, the curve

corresponding to lossy case traces very closely to the lossless case when increasing

the focus depth, which means that SU-8 possesses an ultra-low absorption at the

wavelength of 532 nm. Electromagnetic wave propagates in SU-8 like in a transparent

medium. The deviation between both cases is only 2.5% at a depth of 25 µm and

becomes progressively larger as depth increases.

I n keeping the same conditions, we now consider the case of MRI-free (the refractive

index of the first medium is the same as that of the second medium, n1 = n2 = 1.58).

Calculation results show two curves at the higher part in Fig. 4.2. The behavior of

the maximum intensity versus depth is as expected. Indeed, the lossless case show

evidently that the maximum intensity does not attenuate at all along the propagation,

since the two media are optically identical. In the lossy case, maximum intensity

attenuates along the propagation with very weak losses.
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Figure 4.3: Maximum intensity as a function of both NA and focus depth for the
case without MRI. Calculation for a wavelength of 532 nm, an extinction coefficient
k = 0.0000306 and refractive indices n1 = n2 = 1.58.

In comparison between MRI and MRI-free we see that the deviation of the lossy

curves from lossless curves are almost the same. This result confirms that MRI is

the main cause of attenuation of the maximum intensity at the focus in the ultra-low

absorption case.

Results in previous chapter have shown the propagation of the maximum intensity

as a function of both NA and focus depth when MRI is present in the system. In such

a case, the maximum intensity at a certain depth can be weaker with a high, rather

than a low, aperture lens. This irregular behavior leading one to chose a low aperture

lens for their experiments when they have to face with a mismatched refractive index.

Otherwise, if one can find out a solution to match refractive indices, one can freely to

use their highest aperture lens to get better results, especially in applications where

the working region is located at a large depth within an absorbing medium. This

statement can be approved by our following calculations.

In Fig. 4.3, the maxima intensity is plotted as a function of NA and depth. The

first and second material have the same refractive index of 1.58 (refractive index

matching) and the extinction coefficient of SU-8 is taken from the ultra-low absorption

case of the example shown above. Figure 4.3 shows 30 contours of constant intensity.
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In contrast to the case of Fig. 2.11–(c), in this calculation the irregular behavior

has disappeared. On the contrary the linearity behavior of the maximum intensity

predominates. The upslope of every contour (due to absorption) is quite small because

of the small extinction coefficient of SU-8 at the used wavelength. When going from

NA = 1.0 to NA = 1.5, the maximum intensity increases by approximately 6 times.

This may gain the input laser power up to 6 times when one decides to use an objective

lens with NA of 1.5 instead of 1.0.

As a conclusion for this section, we can draw some attentive conclusions thanks

to the above theoretical results, as follows. When light is focused from a transparent

medium to an absorbing medium, two problems need to be considered if one wish to

have the highest intensity at the focal region:

(1) - Absorption strength: In many kinds of applications, strong absorption,

rather than weak absorption, is desired. But in 3D imaging systems and DLW, strong

absorption must be avoided. In such a case, low or ultra-low absorption is desired. In

an ultra-low absorption regime, excitation light can penetrate over a long distance,

rather than only in a short distance from interface as in the strong absorption case,

to excite specimen or trigger a polymerization. We always have an opportunity to

get low or ultra-low absorption within the visible spectrum for almost materials.

Indeed, most materials which are currently used in these applications (SU-8, AZ,

EPON...) possess an absorption spectra in visible range. At the edge part (sometimes

in the valleys) of the absorption band, the absorption is very weak, or close to zero.

If a laser, whose wavelength falls within this range, is applied, the light intensity

distribution remains almost the same as in the absence of material when traveling

in the medium. In DLW, a high aperture lens is usually a favorite choice since it

provides a very high intensity at the focus, about million times higher as compared

to that at the entrance pupil of the lens. Although the absorption is ultra weak

at this wavelength, the effective photo-induced effect in focusing region is therefore

comparable to that obtained at the maximum absorption wavelength with a moderate

intensity. Accordingly, photopolymerization reaction is strongly dominant at the

focusing region. In some cases, the photo-induced effect is only observed at the limited

size focusing spot where the intensity is high enough to induce physical or mechanical

or chemical changes.
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(2) - Effects due to optical aberrations: Effects due to optical aberrations

(coma, astigmatism, field curvature, etc.) are frequently encountered in optical laser

scanning microscopy as well as in DLW. These effects cause barrel distortion and

pincushion distortion in the imaging system. In DLW, an imperfection in the focusing

spot may result in a deviation and distortion in the shape of the fabricated structures.

Because of their influence on the quality of the focusing spot, one must get rid of these

effects out of the optical system. Fortunately, most commercial lenses are corrected,

so chromatic aberration and spherical aberration are mostly treated. The other effects

depend on specific applications chosen by the operator. In previous chapters, we have

taken into account spherical aberration, which originates from MRI between two media

having different indices of refraction. We have seen that, due to spherical aberration,

the nonlinear behavior is a predominant effect on the distortion of maxima intensity

domain, resulting in a reduction of intensity as depth increases, even if no absorption

is present. In this section, we have shown that, if one can eliminate MRI out from

the system, the nonlinearity, hence, should be suppressed. In such a case, a high NA

objective lens is better to concentrate the electromagnetic field at the focus region

resulting in a higher maximum intensity. Such a small and symmetrical focusing spot

provides higher resolution.

With all above remarks we have been able to introduce a new idea for 3D imaging

and 3D fabrication by means of DLW dealing with one-photon absorption. The new

concept is low one-photon absorption microscopy (LOPA), based on three factors:

1 - Low or ultra-low one-photon absorption

2 - Optical aberration-free

3 - Strong focusing

The experimental realization of LOPA microscopy is trivial and straightforward.

The first requirement is fulfilled when one choses to work with a monochromatic

light source whose wavelength is within a low absorption spectral domain of the

material. The second requirement is a bit harder to satisfy: one must get rid of MRI

by using an appropriate intermediate immersion medium (oil, ethanol, water, etc.) in

contact with the substrate or in direct contact with the absorbing medium (where

the specimen or photoresist is located). The final requirement is simple (but rather

costly) corresponding to a high NA and aberration-free objective lens.
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LOPA microscopy in conjunction with regular DLW is called LOPA DLW. On

realizing LOPA DLW we use just a simple and low cost CW laser as a monochromatic

light source. The laser wavelength 532 nm, the same wavelength with that used in

the numerical calculation. SU-8 negative tone photoresist is used as an absorbing

material. A high NA oil-immersion objective lens of NA=1.3 is used to focus the

laser beam into the photoresist. So, 532 nm CW laser, SU-8 and NA=1.3 lens are the

three parameters which almost satisfy the requirements of LOPA microscopy. System

alignment is the last condition which must be taken into account so that all LOPA

microscopy requirements are fully satisfied. In the next section, we experimentally

demonstrate the LOPA microscopy idea by realizing LOPA DLW.

4.2 Experimental demonstrations

4.2.1 LOPA-based direct laser writing technique

By using a standard fabrication process that already described in chapter 3, we

demonstrated that LOPA-based polymerization is achieved only at the focusing

spot, where the excitation intensity is strong enough to simultaneously trigger local

photochemical reactions leading to polymer cross-linking during the subsequent post-

exposure bake step. Note that, in the case of two-photon polymerization DLW,

there exists a first threshold related to light intensity, above which two photons are

simultaneously absorbed, and a second threshold related to dose, above which complete

photopolymerization is achieved. However, it should be borne in mind that resist

exposure is also per se a highly nonlinear process. Indeed, there exists a dose threshold

above which the polymerization process can be fully completed. An example of the

complete polymerization condition is the use of the interference technique with a low

power continuous-wave laser to fabricate 2D and 3D structures [99]. Therefore, in the

case of LOPA, there exists only one threshold related to dose. Furthermore, thanks to

the high intensity of the focusing spot, complete photopolymerization is only achieved

in a small focus. Figure 4.4 shows an example of experimental results, imaged by a

scanning electron microscope (SEM). For each exposure a solid volumetric structure,

so-called “voxel”, is formed at the focusing spot. A volumetric structure is then build
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Figure 4.4: Fabrication of voxels by single-shot exposure. (a) Theoretical calculation of
the contour plot of light intensity at the focusing region (NA= 1.3, n = 1.518, λ = 532
nm). This experimental results explain the OPA nature where the formed voxel shape
is determined by the exposure dose. (b) SEM image of a voxel array obtained by
different exposure doses. Three ranges of voxels are fabricated correspondingly to
the exposure time t1, t2 and t3 whose corresponded doses are 0.9, 0.7 and 0.4 as
indicating in (a). (c) Complete voxel lying on the substrate indicated an ellipsoidal
form (exposure time t1 was applied). This form is similar to that obtained by the
TPA method.

up by joining individual voxels that are each exposed by a single-shot exposure, such

that the structural feature (rod cross-section) is determined by the shape of these

voxels. By changing either the excitation power or the exposure time, i. e. the dose,

voxel size and shape can be adjusted. Note that, in order to obtain and to evaluate

these small voxels on a glass substrate, we fabricated the same voxel array at different

z-positions and with different exposure times. Only 2.5 mW of a continuous green

laser is needed to create these structures, for an exposure time of about 1 second per

voxel. Figure 4.4–(b) shows, for example, a voxel array fabricated with three different

exposure times. The dose dependence can be explained theoretically by calculating

the iso-intensity of the focusing spot at different levels. Three kinds of voxels obtained

with t1 , t2 and t3 as shown in Fig. 4.4–(b) correspond to three different iso-intensities,
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Figure 4.5: (a) SEM image of a voxel array fabricated at different exposure times
and with P = 2.5 mW. (b) Exposure time dependence of voxel size, with different
laser power values, P = 2.5 mW; 5 mW; 7.5 mW, respectively. The continuous curves
are obtained by a tentative fit using the diameter-dose relationship for one-photon
absorption. Insert shows a SEM image of a small voxel obtained with an exposure
time of 0.5 second at a laser power of 2.5 mW.

namely 0.9, 0.7 and 0.4, respectively. The evolution of voxel size and shape observed

experimentally fully confirms this operation in the OPA regime. Indeed, in the case of

TPA, the creation of bone-like shape voxel, corresponding to that obtained with t3,

for example, requires very high excitation intensity and would not be easily realized

due to TPA intensity threshold, as already mentioned above. In the case of LOPA, all

these voxels shapes are obtained by simply adjusting the exposure time while keeping

a low laser power. To obtain small voxels, shorter exposure times, t1, for example,

should be applied. Of course, the exposure time required to create submicrometer

structures varies as a function of the laser power.

Figure 4.5 shows the voxels size as a function of exposure time for three values

of laser power. The exposure time is changed finely around time t1 as shown in

Fig. 4.4–(b). A voxel with a size as small as 190 nm is obtained with, for example,

a power of 2.5 mW and an exposure time of 0.5 second, as shown in Fig. 4.5–(b).

The fabrication of smaller voxels is possible, but due to some limitations such as the

quality of the instruments used (mechanical vibration, electric device, SEM, etc.) and

also due to the poor adhesion of the small polymerized voxel on a glass substrate. We

have not been able to obtain smaller structures, the size of individual voxels is quite

small when considering the wavelength used for the writing process. As for the linear
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Figure 4.6: A 2D “Chess board”-like photonic structure fabricated by scanning the
focusing spot along the x–axis and the y–axis (lines separated by 10 µm). Measured
lateral diameter of rod (line width) is 800 nm in agreement with the one set by the
program. Parameters: input power = 10.8 mW, scanning speed = 1.43 µm/s, film
thickness = 2 µm.

dependence with intensity (OPA vs. TPA), the diameter-dose relationship agreement

confirms this behavior, as we have used the intensity I0 for our fit, instead of I2
0 in

the case of TPA.

The optimum dose for the smallest single voxel is used as standard dose for

fabrication of 1D, 2D and 3D structures. For laser light of 532 nm wavelength and

a microscope objective with NA=1.3, our result has shown the nealy elliptical cross-

section of the voxel with an aspect ratio (axial diameter/lateral diameter) of about 2.8

(theory) and 3.0 (experiment). The absolute dimension of the voxels can be adjusted

through the deviation of voxel standard dose of the laser beam, with higher doses

leading to larger voxels.

Depending upon the size of the structure and on the desired line width of rods,

the voxel standard dose can be altered to meet requirements. For example, 2D “Chess

board” like PC structure shown in Fig. 4.6 was patterned on a 2 µm film. The line

width of each individual rod was programmatically set to 0.8 µm, which is about

3.6 times of the voxel standard size. It is possible to increase the standard dose by

<3× by either slowing down the scanning speed or by increasing the input power.

Structure in Fig. 4.6 was done by applying the latter way, and shows that the resulted
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size is uniform, around 800 nm. Increasing further the input power to get a thicker

line width (or higher), i.e. 2 µm, is not a good solution (we shall discuss about this in

chapter 5). In this case, the better result is obtained if writing side-by-side two or

more parallel lines with a certain lateral shift (or axial shift along the z direction).

A 2D micropillars PC structure shown in Fig. 4.7 was fabricated using the same

writing process as for CPC structure (shown in the previous chapter). In this pattern,

the periodicity is 5 µm, the height of micropillars equal to the film thickness (2 µm) and

only one third of the voxel standard dose was used. We notice that, the input power

used for z axis patterning is quite different from that used for in-plane patterning.

It is about 3× less compared to in-plane patterning. The reason is that, when the

focusing spot was moving along the z–axis the SU-8 material within a vertical column

(x= const, y=const, z = z(t)) receives much larger dose than in the in-plane case. As

a result, if the same input power (of in-plane case) is used, then the obtained line

width should increase by 2-3×.

All of the above examples is to demonstrate the nature of absorption of photons by

SU-8 photoresist and the capability of LOPA DLW for the fabrication of submicrometer

structures. In the next section we will experimentally demonstrate LOPA DLW for

the fabrication of 3D PC structures.

(a) (b)

50 µm

Figure 4.7: SEM images of (a) top-view and (b) side-view of a 2D micropillars PC
structure. Focusing spot started to move from lower half space inside cover glass
substrate to the upper half space in SU-8, and terminated in air. Measured diameter
of micropilars is ≈ 600 nm. The periodicity is 5 µm, the height of micropillar equals
to the film thickness of 2 µm. Input power was 5 mW, scanning speed of 1.43 µm/s.
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4.2.2 Fabrication of three-dimensional PCs

Below we experimentally demonstrate LOPA DLW for the fabrication of 3D PCs. We

will see that PCs fabricated by LOPA DLW are not only possible but also as good as

those created by TPA DLW.

The fabrication of 1D and 2D structures is straightforward in which the scanning

is performed either in the (xy)–plane or along the z–axis. The accumulative nature of

OPA is only present when the separation is as small as the lateral diffraction limit of

the optical system. In this case, although the accumulation effect exists when scanning

is made along z, its effect on the quality of 2D structure is negligible. Differently, in

3D fabrication, the focusing spot driven by the translation system moves within the

entire volume. In this case, broadening of the line width includes absorption not only

from on-focus photon but also from a considerable number of off-focus photon during

displacement. In other words, the resulted line width is an absorptive contribution

of the overall 3D diffraction pattern. The broadening of the line width is large in a

strong absorption regime but is really small in LOPA. Indeed, a successful fabrication

of 3D PC is evidenced to demonstrate the LOPA idea.

In our experiments of 3D fabrication, the dose was adjusted by changing the

velocity of the PZT movement while the input power is fixed. Doses are varied

from structure to structure depending upon the size and separation (periodicity of

PC). In the first experiment we fabricated a series of different size 3D woodpile PC

structures on glass substrate. Sometimes, the resulted structure disappeared because

of the poor adhesion of SU-8 structures to the glass substrate. But on the way of

demonstration of the LOPA technique we decided not to use any kind of promoter to

improve adhesion. We also noted that SU-8 exhibits a strong shrinkage effect which

results in the distortion of the fabricated structures. After a number of experiments,

we found acceptable parameters for woodpile structure, i.e., an input power of 2.5 mW

and a velocity of 1.43 µm/s. Applying these parameters, we were able to fabricated a

series of 3D PC structures such as woodpile, twisted chiral and circular spiral.

Figure 4.8 shows a SEM image of a 3D woodpile PC fabricated by using these

optimum fabrication parameters. The structure consists of 16 stacked layers. Each

layer consists in parallel rods with period a = 2 µm. Rods in successive layers are
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Figure 4.8: SEM image of a woodpile structure fabricated with the following parameters:
distance between rods = 2 µm; distance between layers = 0.8 µm; number of layers
= 16; structure size = (80 × 80 × 12)µm3; laser power = 2.5mW.

rotated by an angle 90◦ relative to each other. Second nearest-neighbor layers are

displaced by a/2 relative to each other. Four layers form a lattice constant c = 2.8 µm.

SEM measurement shows that the line width of rods on the top layer is ≈ 450 nm,

it is about 1.5× of our voxel standard size. This means that the size of the rod can be

minimized further. Indeed, Fig. 4.9 shows a SEM image of a woodpile structure with

measured separation between rods on the top layer only of 0.9 µm and the measured

line width was only ≈ 180 nm. This result shows evidently that separation of rods and

layers are comparable to the wavelength of visible light. The structure probably has a

photonic bangap but we were not able to measure this because of lacking equipments.

We notice that our fabricated woodpile PC structure with small periods of the same

quantity as that obtained by TPA DLW [100].

oreover, in comparison with the same structure obtained by means of TPA DLW

in references [94, 101] this woodpile structure fabricated by LOPA DLW possesses

even smaller feature size and period.

In second series of experiments for the fabrication of 3D chiral twisted PC, we

used the same procedure as in previous series in order to find optimum fabrication

parameters. The SEM image of the structure is shown in Fig. 4.10. This structure

consists of stacked 28 layers of parallel rods. The distance between rods is a = 2 µm

and the distance between two successive layers is c/3 = 0.8 µm. The length of the

hexagon edge is l = 25 µm, the laser power P = 2.8 mW and the scanning speed

= 1.34 µm/s. The measured line width of rods on the top layer is 294 nm; this width
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(a) (b)

Figure 4.9: SEM image of a woodpile structure fabricated with the following parameters:
distance between rods = 1 µm; distance between layers = 0.480 µm; number of layers
= 16; footnote size = (80×80 )µm2; laser power = 2.5 mW; scanning speed = 2.0 µm/s.

is 336 nm at the end of a rod near glass interface. These line widths are nearly the

voxel standard size, and slightly decrease as a function of depth. Both shrinkage effect

and absorption give rise to reduction of the line width and of the line length of rods

on top of the structure. The latter is consistent with our calculation but for a depth

of only 20 µm, the shortening is negligible. To improve the quality of this kind of

structure one should find out a material with lower shrinkage effect than SU-8.

The chiral PCs fabricated by LOPA DLW shown in this experiment are the same

as those obtained by means of TPA DLW in reference [102], except that our structure

is free-standing and 4 layers larger than the structure in reference [102].

In the third series we fabricated 3D spiral PCs. The FCC lattice based circular

spirals PCs (sketched in Fig. 4.11–(a)) consist of side-by-side vertically standing

spirals. Each spiral has a pitch C, a diameter D and is made of rods with a cross

section width w and length h. The fcc configuration is achieved by shifting adjacent

spirals by half a period as they wind in the vertical < 001 > direction. The lateral

lattice constant a is twice of the distance between adjacent spirals and the vertical

lattice constant is the pitch length C. A SEM image of our fabricated structure is

shown in Fig. 4.11–(b). This structure consists of 20 × 20 spirals veridically standing

on glass substrate. The parameters of this structures are as follow: diameter of a spiral

D = 2 µm; spiral pitch C = 2 µm; lattice constant a = 3 µm; spiral height equals to

film thickness = 15 µm; laser power = 2.6 mW and scanning speed v = 1.34 µm/s.
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(a) (b)

(c) (d)

Layer 1

Layer 2

Layer 3

Figure 4.10: 3D chiral twisted PC fabricated by LOPA DLW. (a) Sketch of a 3D
chiral twisted PC and its parameters together with the layer-by-layer construction
during fabrication process. (b) SEM image shows a top-view of fabricated 3D chiral
twisted PC. (c) A top-view magnification micrograph of the strucure in (b). (d) A
side-view magnification micrograph of the structure in (b). Structure and fabrication
parameters: distance between rods a = 2 µm; distance between layers c/3 = 0.75 µm;
number of layers = 28; line width 2r = 300 nm; laser power P = 2.8 mW and scanning
speed v = 1.34 µm/s.

Measured line width is w = 290 nm at the center-top of the structure. The axial

size of rod measured near glass substrate is 900 nm and near the top is 700 nm. In

comparison with the same structure fabricated by TPA in Ref. [101], the structure in

this experiment (by LOPA) is free-standing and possesses smaller and smoother rods.

Through experimental results of all above examples, we observed the same trend

leading to preliminary conclusions: (i) 3D PCs were successfully fabricated by means

of LOPA DLW. The obtained results are as good as those obtained by TPA DLW. The
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(a)

(c)

(b)

(d)

D a

w

h

Figure 4.11: 3D spiral PC fabricated by LOPA DLW (a) Sketch of a spiral and its
parameters together with an array of 4 x 4 spirals that are arranged in a FCC lattice.
The lattice constant a is twice the distance between adjacent spirals. Each spiral has
a pitch C, a diameter D and is made of rods with a width w and a length h. (b)
SEM image of fabricated structure. Structure and fabrication parameters: diameter
of a spiral D = 2 µm; spiral pitch C = 2 µm; lattice constant a = 3 µm; spiral
height equals to film thickness = 15 µm; laser power = 2.6 mW and scanning speed
v = 1.34 µm/s.

smallest feature size reaches 150 nm corresponding to the smallest lateral cross-section

of rod (woodpile, Fig. 4.9). The best quality of the fabricated structure is obtained

when the line width of rods is about that of the voxel standard size (lateral and

axial cross-section size is about 220 nm and 680 nm, respectively. The corresponding

aspect ratio (axial/lateral) is about 3. To achieve this specification, the recommended

input power and scanning speed is around 3.0 mW and 1.5 µm/s. (ii) The fabricated

structure appeared to be shrunk to some extent, varying upon the line width and the
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height of the structure. The shrinkage effect due to the material is the main factor,

the second cause is attributed to the attenuation of light intensity as a function of

depth. This effect confirms the nature of OPA.

So far, we have experimentally demonstrated LOPA microscopy through LOPA

DLW. The fabricated structures were without artificial defect. In the next section we

will show that by means of LOPA DLW, any structures with controlled defects could

be fabricated.

4.2.3 Fabrication of PCs with defect and arbitrary structures

In the DLW technique, the fabrication of PC with defect and arbitrary structures is just

a problem of programing. Indeed, to design a defect inside a PC, we designed a “defect”

in the programming code (G-language, Labview) where the code can simultaneously

order the PZT (via controller) and electric shutter to perform the task. The control

of shutter is for adjusting the exposure time correspondingly to the current position

of the PZT. We also can program the velocity of the PZT displacement to be faster or

slower. All the programming task is to adjust the exposure time to make the structure

element (dot, rod, spiral, etc.) at the current position to obtain controlled number of

photon from the laser beam.

Taking an example, the letter “LPQM” in the structure shown in Fig. 4.12–(a) is

a kind of cavity defect in PC. Circular spirals are omitted to create the letters. The

Figure 4.12: SEM images of PCs with defects: (a) Letter “LPQM” defect in a circular
spiral PC and (b) a “L”-like waveguide defect in square spiral PC.
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defect in the structure in 4.12–(b), is a kind of waveguide defect in a square spiral PC.

The waveguide was designed on top of the structure by just shortening the height of

three (along one side) and two (along the other size) square spirals in the (xy)–plane

by the length of three pitches from the top.

In a structure as shown in Fig. 4.13, a waveguide defect was engineered inside the

body of the structure, the input and the output are denoted by red arrows. In this

structure, all spirals along the waveguide were shortened by a length of one pitch at

the beginning.

Now we consider a quite different case, where the structure to be fabricated is

volumetric object, i.e. a micro-cow or a micro-Eiffel tower. To do so, it is worth

to distinguish two types of writing process, the first one (which is related to all

experiments in previous section) is called “path scanning” and the other one is called

“volumetric scanning”, which is used in this section. In “path scanning”, the focusing

spot of the laser beam is moving along a path leaving behind its polymerized trace.

These traces are then completely solidified during the subsequent post-exposure baking

resulting in a structure made up by rods. The size and shape of rod is completely

defined by the focusing spot of the laser beam. This writing process is popular in what

the PC is fabricated. “Volumetric scanning” deals with an abstraction of shape, a

representation of an object by a sparse set of planar elements that define cross sections

Figure 4.13: 3D circular spiral PC fabricated with waveguide defect. A “L”-like
waveguide defect is introduced inside the body of the structure by shortening a pitch
long at the beginning of the spirals along the designed waveguide. Red arrows denote
the waveguide location, the input and the output.
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Figure 4.14: The “LPQM” structure was patterned on a 5 µm SU-8 film with an
input power of 2.3 mW and a scanning speed of 10 µm/s. For the fabrication of this
structure, the “volumetric scanning” was applied.

through the input object at different positions and orientations. In the algorithm, the

model of the object is numerically sliced into many parallel cross-sections. In each

cross-section only data along the shape are sampled. The sampled dataset is then

converted into a format that is readable by the LabVIEW code. Finally the PZT

performs scanning slice-by-slice, only along the shape, from the first slice (normally

below the glass-photoresist interface) until the 3D object is completely imaged in

photoresist. This “volumetric scanning” finally becomes the “path scanning” literally.

This writing process is common in 3D printing and 3D patterning by means of TPA

DLW. As a demonstrative example, we fabricated a “microletter” structure. The

letter “LPQM” firstly was modeled by a CAD system. Data were then exported to

STL extension data file, converted into individual DXF files using RP software and

imported into an executable Labview code. At this state, Labview reads coordinate

data point x, y, z and send it one-by-one to the PZT controller. After patterning, the

patterned sample was subjected to a PEB followed by a chemical development step as

usual.

4.3 Conclusion and prospects

We have developed a simple, high-resolution laser writing process in a one-photon

absorption regime in a weakly absorbing photoresist material, namely low one-photon

absorption microscopy (short term: LOPA microscopy) then applied for direct laser
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writing (short term: LOPA DLW). The LOPA DLW is a novel technique, which enables

the fabrication of very small single objects and of 2D and 3D periodic structures such

as photonic crystal. The idea of using ultra-low one-photon absorption opens a new

and inexpensive way to address 3D structures, namely 3D fluorescence imaging and

3D fabrication.

We derived three main requirements of LOPA microscopy are:

1. Low or ultra-low one-photon absorption,

2. Optical aberration-free,

3. Strong focusing.

Satisfying the first requirement allows light penetrate deeply into material with

negligible loss. Satisfying the second requirement allows the focusing spot to retain

its size and shape (hence intensity will not much change) when traveling inside the

material. Satisfying the third requirement permits light be strongly focused into a

tiny volume. Once the three requirements are satisfied, the focusing spot possesses

very high intensity confined in a diffraction-limited volume and traveling freely within

the material with very low loss. In DLW, the energy loss of the laser beam due to the

material takes play only at the focus due to polymerization reactions.

We demonstrated LOPA DLW by a number of experiments, in which 1D, 2D and

3D PCs are fabricated. In terms of quality of the structures fabricated by LOPA DLW,

we have shown that these structures fabricated by LOPA DLW are the same as those

obtained by TPA DLW.

Since the requirements for realizing LOPA microscopy are trivial and straightfor-

ward in practice, LOPA microscopy emerges as the first simple and low-cost technique

for fabrication of any sub-micrometer structures for a broad range of applications,

especially for PCs. However, LOPA microscopy shows some inherent drawbacks, which

may limit the quality of the fabricated structures. Dealing with these drawbacks and

proposing a technique for improvement is the main objective of the next chapter.
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Optimization of LOPA-based direct

laser writing

Being a consequence of linear behavior of absorption mechanism, the dose accumulation

effect is the inherent nature of linear absorption material [103, 104]. In contrast to

a conventional TPA method, a photoresist operated in OPA regime doesn’t exist

any threshold of polymerization [105–107], hence the voxel size can be controlled

by adjusting the exposure dose. In principle, polymerization occurs at the focusing

spot with a single-shot exposure resulting in a very small voxel (smaller than the

diffraction limit) [108]. However, when two voxels are built side-by-side with a distance

of about several hundreds nanometers, two resulting voxels are no longer separated

[103, 109, 110]. This issue evidently originates from the dose accumulation effect in

OPA process.

In order to get better resolution and better uniformity of the fabricated structures,

besides of many current techniques for manipulating the voxel itself [103], one also

looks for a way to compensate the dose accumulation effect [111, 112]. This chapter

deals with the origin of the effect and propose a compensation technique for getting

better structural uniformity. We demonstrate the dose accumulation effect and our

strategy by both theory and experiment. We propose a technical way to get rid them

out of the system, in order to get higher structural resolution.
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5.1 Dose accumulation effect

Experimental realization of LOPA-DLW in fabrication of 1D, 2D and 3D photonic

crystal shown evidently the advantage of LOPA idea in combining with regular DLW.

That, only few milliwatt of a CW laser and in a moderate time, any kind of sub-

micrometer structure with of without designed defect could be fabricated. However,

we found that some fabricated structures are not uniform or distorted. The physical

causes of the distortion can be attributed to 2 main effects: shrinkage effects [113],

and dose accumulation effect [112].

Figure 5.1–(a) shows a micropillar structure which is distorted by shrinkage effect -

the pillars at the edge of the structure tend to collapse towards to the center reducing

the size of the structure at the top. The reason is that, the shrinkage effect leads to

residual stress of the structure and be more pronounced at the free-ends (the top, edge

faces). SU-8 photoresist used in this thesis is just an example since it exhibits a really

low absorption at the chosen wavelength. We can use any other kind of photoresist

instead of SU-8 in order to efficiently reduce the shrinkage effect and to get high

quality of the final structures.

The effect due to dose accumulation is the main cause of the distortion in all

structure fabricated by LOPA DLW. The origin of the effect comes from the accu-

mulative nature of linear absorption. Indeed, in OPA fabrication, voxel formation is

a liquid to solid transformation process. This process is linearly proportional to the

intensity of the excitation light. The degree of polymerization within the focusing

spot (being to form a voxel) as well as at out-of-focus region are completely defined by

the number of photon, which are present at the volume of interest. Although isolated

voxel fabrication is ideally confined to the focal volumetric spot, the superposition of

many out-of-focus regions of densely-spaced voxels leads to undesired and unconfined

reaction. As a result, if voxels are made side-by-side and distances between them are

about diffraction limit, the accumulated out-of-focus leads to the degree of polymer-

ization in the space between vowels become comparable with the main in-focus one

resulting in a formation of many interconnection wires. This effect also appears and

being more pronounced as a function of exposure dose. Since the accumulative nature
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(a) (b)

Figure 5.1: Shrinkage is more pronounced at the free-ends of the structure. In this
structure, the micropillars at the edge tend to collapse to the center resulting in the
size of the top part is less than at the bottom part.

is a process of no-degree-limitation, the polymerization reactions continuously take

place until the entire volume becomes hundred percent exposure to the light, resulting

a completely solidified block of the sample.

In what follows we will investigate the dose accumulation effect of OPA in DLW

in both theory and experiment.

First we verify the accumulate nature of LOPA by following experiments. We

consider a situation where a single exposure (a single-shot) is made, it may result in

a single voxel with the size defined by a volume within which the spatial exposure

dose is above a solidification threshold. That has been confirmed experimentally in

the LOPA fabrication technique (voxel size ≈ 190 nm × 190 nm × 580 nm) as we

seen in Fig. 4.5 of chapter 4. Now, we make a further shot by the side of the first

single-shot in order to observe what is going on when two focusing spots are very

close to each other. Similar with OPA microscopy where the microscopy image can

not resolve two small objects which localize at about several hundreds nanometers

from each others, the fabricated voxels in DLW also cannot be separated. Abbe’s

criterion states that, the minimum resolving distance of two objects is defined as

0.61λ/NA, where λ is the wavelength of incident light. This diffraction barrier thus

imposes the minimum distance between different voxels, created by different exposures.

Moreover, when multiple exposures are applied, even with a distance far from the

diffraction limit, the energy of this exposure will contribute to others, and the effective

voxel size consequently increases. Indeed, in the case of OPA, photons could be

absorbed anywhere they are, with an efficiency depending on the linear absorption
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(a)
 (b)


(c)
 (d)


500 nm 

Figure 5.2: Dose accumulation effect of LOPA technique, realized with d = 0.5 µm.
In each structure, the dose, which is proportional to power and to exposure time, is
kept constant for all voxels. The dose (power= 2.5 mW) is increased for different
structures from (a) to (d).

cross-section of the irradiated material. The absorbed energy is gradually accumulated

as a function of exposure time. A symmetric micropillar pattern fabricated with

very short lattice constant near diffraction limit is the best for representation of

accumulation effect. Figure 5.2 shows the evidence of the variation of voxels size (in

the micropillars structures, the diameter of a micropillar is also defined as a voxel

size) of different patterns fabricated with different exposure doses. Note that in each

pattern the exposure dose applied for a single-shot is kept constant so that we can

directly compare the lateral size of voxels from voxel to voxel and from center to the

outermost ring in the hexagonal pattern. The dose accumulation effect is very clear

with high exposure dose, due to the out-of-focus polymerization predominated by

the overlapping of second- or first-order diffraction rings of the diffracion pattern, in

analogy to those of well-known Airy disk. At higher exposure dose voxels are randomly

linked to each other by small interconnection wires. It is more pronounced when space

between components approaches the LOPA’s fabrication limit.

To be more clear, we perform some calculations of the same situation using Matlab
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Figure 5.3: Theoretical calculation of the dependence of voxels sizes on the separation
distance d between voxels, showing the influence of energy accumulation from this
focusing spot to others. (a) Simulation image of a square pattern (7 × 7) with
d = 1 µm. (b) Intensity distribution along x–axis, corresponding to the dashed line
shown in (a). (c) Size of the voxel located at the center of the structure, calculated at
different iso-intensities, as indicated in (b). The voxel size, theoretically estimated to
be in the range represented by “yellow” color, increases when the distance between
voxels decreases, in particular when d approaches the diffraction limit distance.

simulation and results are shown in Fig. 5.3. The dose accumulation effect related to

the distance of the voxels is made. In this simulation the normalized time-average

electric density is calculated, which is supposed to adequate to linear absorption in

OPA case. In order to take into account the dose accumulation effect we coherently

add all amplitudes contributed by every single-shot to the one of the current position.

We derive the full width at half maximum (FWHM) corresponding to each position.

This value is assumed to reflect the exposed volume in the photoresist via OPA and

thus the shape of the corresponding focus. Instead of using FWHM as the figure

of merit in our calculation we can consider any iso-intensity level. In OPA DLW

an iso-intensity is supposed to result in an voxel with the corresponding size. For

visualizing we draw two such level of iso = 0.5 and iso = 0.8. Curve fitting gives
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Figure 5.4: Experimental results showing the dependence of the voxels size on the
voxels distance. SEM images of structures obtained with d = 1.5 µm (a1) ; d = 1 µm
(b1), and d = 0.5 µm (c1). On the left: theoretical images of corresponding structures.
On the right [(a2), (b2), (c2)], the diameters of different voxels, aligned on the dashed
lines of SEM images, are plotted as a function of their positions along x–axis.

information of the width at each iso, we bring it up in the subfigure at the bottom of

Fig. 5.3. Clearly, accumulation effect is pronounced when two voxels are separated by

a distance shorter that 1 µm, resulting in larger size of the voxels. The FWHM of

each voxel increases from 190 nm to 300 nm when the separation reduces from 2 µm

to 0.5 µm. Moreover, for a short separation, the voxels array is not uniform from its

center to the edge part.

Figure 5.4 shows the experimental evidence of this accumulation effect as a function
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of separation distance (d). The voxel size changes up to 25% between voxels at center

and at the edge of structure for the case of d = 500 nm (see the figure’s caption for

detail). We believe that small and uniform voxels with very short separation are

possible, but a proximity correction, i. e., a control of exposure time or power and a

compensation of the doses between different voxels, should be applied.

5.2 Optimization strategy

According to the structures fabricated by LOPA DLW and the theoretical calculation,

the dose accumulation effect should be compensated in order to get better uniformity

of the structure. The compensation technique idea is based on balance of the exposure

doses over the structure. In other words, a certain amount of the exposure dose should

be reduced at the region (or a part or a division) where the dose accumulation effect

strongly occurs and should be added to the region (or a part or a division) where

the dose is lacking. For example, in Fig. 5.5 we depict a 2-D hexagonal pattern of

voxels, which presents an accumulation effect at some extent. The exposure dose

Di obtained by voxels gradually decrease from the center to the edge of the pattern,

D1 < D2 < D3 < . . . . Here the exposure dose D1, D2, D3, . . . can be calculated by a

Figure 5.5: Optimization strategy of the structure fabricated by LOPA. The dose D1,
D2, D3 are compensated by increasing the exposure time (with fixed power) according
to t1 > t2 > t3.

102



Chapter 5: Optimization of LOPA-based direct laser writing

simulation as we described above. It is easier to normalize these to the dose at the

center voxel D(O) we obtain D1, D2, D3, . . . , 1. Evidently, these normalized dose are

proportional to the input power and the exposure time. In experiment the laser power

is usually fixed, we can alter the dose by just make the exposure time shorter or longer

depending where we want to adjust. In turn, exposure time can be propositionally

related to the scanning speed of the PZT movement.

Now we want to compensate the “thinner” part of the pattern at the edge relative

to the “thicker” of the pattern, the calculated dataset of exposure time (t1, t2, t3, . . . ,)

with t1 > t2 > t3, . . . , or in scanning speed expression v1 > v2 > v3 . . . , are applied.

By doing this we expect to obtain a uniform compensated pattern since the dose

accumulation effect has been compensated over the structure.

The same idea can be applied in fabrication of higher dimension. In fabrication

of 3D photonic crystal where a layer-by-layer writing process is usually made the

compensation technique is applied for each layer for two first dimension (in (xy)–plane).

The compensation can be done for the third dimension (along z–axis) by decreasing a

certain amount of writing speed relative to one of the first layer (which is in contact

with the substrate) from layer to layer accordingly to the depth of the current layer

from the interface. At this step we can also taking into account the other effect such

as the shrinkage as well as the focus shift to enlarge (in (x-y) plane) and shrink (along

(z)–direction) by an appropriate amount of deviation.

5.3 Experimental demonstration

By changing either the input power or the scanning speed, the micropillars diameter

can be adjusted. In most experiments, the input power was kept at 2.5 mW

As demonstrated above, the dose accumulation effect depends on the separation

distance, d. In order to demonstrate the dose accumulation effect and the dose

compensation technique, we scanned the focusing spot along the z–axis to fabricate

2D micropillars array, instead of 2D voxels array. We have systematically investigated

the variation of the micropillars size as a function of separation d, from d = 0.3 µm

to d = 3 µm. According to the micropillars size variation, from the center to the

edge of the structure, we proposed to compensate the size difference by increasing
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Figure 5.6: Demonstration of dose compensation technique for d = 0.4 µm. (a)
Theoretical calculation of the intensity distribution as a function of x–position (blue
color), and control of doses with different ratios, indicated by A, B, C, and D (red color)
to compensate the dose accumulation effect. (b)-(f) SEM images of 2D hexagonal
structures realized without compensation (b), and with compensation with different
dose controls: A (c); B (d); C (e) and D (f). The excitation power was fixed at 2.5 mW
and the dose was adjusted by changing the scanning speed of focusing spot.

gradually the exposure doses for outer micropillars. Figure 5.6–(a) shows the intensity

distribution of a micropillar array and the dose compensation strategy. Different dose

compensation ratios, indicated by letters A, B, C, and D, have been experimentally

applied. Two sets of structures have been side-by-side fabricated on the same sample

in order to maintain the same experimental conditions: the ones without compensation

and the others with dose compensation. Figure 5.6–(b) shows the dose accumulation

effect in the case of d = 0.4 µm, obtained without compensation. The structure is

not uniform, and the outermost voxels are too small and are washed out or collapsed

into micropillars in the center. With dose compensation, i. e. increasing the dose

for outer micropillars, 2D micropillars arrays become uniform and stand up correctly.

Figures 5.6–(c)-(f) show the structures realized with different dose ratios, corresponding

to A, B, C, and D schemes, shown in Fig. 5.6–(a). With high dose compensation

amplitude, the size of outermost micropillars even becomes larger than for those in the

center, as shown Fig. 5.6–(f). By using an appropriate dose compensation amplitude,

104



Chapter 5: Optimization of LOPA-based direct laser writing

perfect uniform 2D micropillars array is obtained, as shown in Fig. 5.6–(c). The

structure period is only 400 nm, the height of micropillars is about 1.250 µm, and

micropillars diameter is about 260 nm. Structures with period as small as 300 nm,

and with diameter approaching 100 nm were also fabricated, but most micropillars

were collapsed or washed out because of the poor contact between structures and

glass substrate. These structures with periods of several hundred nanometers are very

suitable for photonic applications in visible range.

We note that this technique was also applied for the fabrication of other 2D

structures with a submicrometer period containing an arbitrary defect, such as a

microcavity or a waveguide of arbitrary shape (for example, a Y – conjunction). In

such case, the dose was controlled for individual voxel (or pillar) as a function of its

position with respect to the defect and to the center or the edge of structure. The

dose compensation is controlled for different structures, and many attempts have been

tried to find out the optimized parameters. We believe that this dose compensation

technique could be also applied for the fabrication of 3D structures with submicrometer

period. However, for such structures, we should take into account the shrinkage effect,

which is quite strong in case of SU8 photoresist and difficult to control.

5.4 Discussions and conclusions

We have theoretically and experimentally investigated the dose accumulation effect

raised in this LOPA DLW technique. It is evidenced that when the lattice constant of

structures is reduced and approaches the diffraction limit (several hundreds nanome-

ters), the fabricated structure becomes non-uniform. We have then implemented a

proximity correction technique, i. e., a compensation of the dose between different

voxels located at center or edge areas of the structure, which allowed to create uniform

submicroscopic structures with a lattice constant as small as 400 nm. This strategy

could be also applied for the fabrication of 3D structures with a small period, showing

a great advantage of LOPA technique comparing with the commonly used two-photon

absorption method.
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Chapter 6

Coupling of single fluorescent

nanoparticle into polymeric

microstructures

In this chapter we investigated the coupling of a single fluorescent nanoparticle (NP)

into a polymer-based photonic structure (PS). The coupling is accomplished through

a double step of the low one-photon absorption microscopy. We will demonstrate

theoretically and experimentally how this coupling allows to enhance the fluorescence

signal of single NP.

6.1 Introduction

Recently, the concept of PCs containing active molecules or fluorescence nano-ojects

has drawn a great interest due to their wide range of applications. Many kinds of NPs

have been investigated in coupling to host PCs. For instance, self-assembled quantum

dots embedded in a distributed Bragg reflector cavity structure, or in a micropillar for

realizing a solid-state single photon source [35, 37]; a nitrogen-vacancy color center

embedded in integrated devices towards room temperature quantum cryptography,

quantum information processing, and cavity quantum electrodynamic [27, 114]; a gold

NP coupled with a cavity system [36, 115] for plasmonic applications. Although the

NP/PS coupling has been intensively investigated in both theory and experiment,
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the fabrication of such kind of functionalized microsystem still remains a significant

challenge. Actually, most NP coupled structures have been created in inorganic or

semiconductor materials requiring complicated and quite expensive techniques.

LOPA microscopy with single laser-multitasking feature enable the NP/PS coupling

to advance in an easier way. Below, through an demonstrative example we emphasize

how single laser-multitasking feature can be done for any kind of emitter being to

couple to an arbitrary polymer-based PC.

6.2 Coupling of single nanoparticle into microstruc-

tures

As a demonstrative example, we use Au NPs as an nano-emitter to couple to a

polymeric microsphere. The description is as follows. The experimental set-up that

has been shown in Fig. 3.1 of the chapter 3 is employed in this demonstration. In

the setup, a continuous wave laser operates at wavelength of 532 nm was used for

either mapping and fabrication (single laser). A microscope objective lens (OL) (Fluar

100x/Oil/1.3NA, Zeiss) placed beneath the glass coverslip is used to focus laser beam.

The photoluminescence (PL) signal is collected by the same objective, filtered by

long-pass filter before reaching a avalanche photodiode, and spectrally analyzed by

spectrometer (Ocean Optics).

Figure 6.1: Absorbance spectrum of 50 nm gold nanopartice in water. The plasmon
resonance peak achieved at wavelength of ∼ 539 nm. (b) fluorescence spectrum of
Au NPs, excited by a CW laser at 532 nm
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6.2.1 Characterization of gold nanoparticles

The 50 nm-diameter Au NPs used in this chapter are brought from Sigma-Aldrich

Corp. The absorption spectrum of Au NPs in water is measured and shown in Fig.

6.1–(a). The plasmon resonance peak appears at 539 nm. In our investigation, a green

laser of 532 nm is ideal to excite the localized plasmon resonance of Au NP, promising

a large of interesting phenomena of Au NP/microsphere structure. Figure 6.1–(b)

shows the fluorescence of Au NPs in water by an excitation light at 532 nm. By using

a 580 nm long-pass filter, all the photons with wavelength larger than 580 nm are

supposed to be collected by the OL of the DLW setup.

6.2.2 Au/SU-8 sample preparation

The sample used in this experiment consists of a thin layer of Au NPs sandwiched

between two SU-8 phororesist layers. Figure 6.2 shows our procedure for preparation.

First, we spin-coat the first SU-8 2000,5 photoresist layer on a cleaned cover glass.

Then a Au NPs layer is spin-coated on the first SU-8 layer. Last, a second layer of

SU-8 is spin-coated on the top of the Au NPs layer so that all Au NPs are immobilized

in SU-8 photoresist. In order to achieving a desired film thickness, SU-8 2000,5 and

SU-8 2002 were mixed together at appropriate ratio. Sample after each step is suffered

a soft-baking process on the hot plates (65◦C for 3 min. and 95◦C for 5 min.). The film

thickness between 1.0−2.0 µm and good surface profile confirmation were subsequently

examined by a profilometer. All steps were done in the clean room.

6.2.3 Mapping single gold NP embedded in SU-8

The first step consists of localizing the Au NP structure embedded between two SU-8

layers. The fluorescence images of Au NP were obtained by raster scanning the sample

through the focusing spot. According to the absorption spectrum measurement of

Au NP structure shown in Fig. 6.1, a very low excitation power (less than 0.1 mW)

was employed. This power is weak enough not to induce any polymerization of SU-8

photoresist, i.e., no structure is formed during the mapping process.

First, a large area (100 × 100 µm2) of the sample was scanned and many individual
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Figure 6.2: Sample preparation procedure for experiment of coupling a single plasmonic
particle into a polymeric microsphere. (a) 500 nm thick film of SU-8 is spin-coated
on a clean glass coverslip, (b) 50 nm diameter gold nanosphere particles is dropped
on the top of the SU-8 film, followed by spreading at the spin speed of 1000rpm and
2000 rpm consecutively. (c) the last layer (on top) of SU-8 with thickness within
500 − 1000 nm is deposited to cover the gold NP layer using the same technique.

Au NP were found. We then pointed out the position of each NP by scanning in a

small area of 2 × 2 µm2 around the NP, in (xy)–plane and in (xz)–plane, respectively,

as shown in Fig. 6.3–(a). We achieved a axial resolution of 730 nm (Fig. 6.3–(b)),

and a lateral resolution of about 243 nm (Fig. 6.3–(c)), which actually correspond to

the diffraction limit of the used OL. The curve plotted in Fig. 6.3–(d) is an extract

of data corresponding to the dot line passing by the center of the NP (Fig. 6.3–(c)),

showing the fluorescence intensity as a function of position. The sharp peak reveals a

precision < 20nm for the position determination.

6.2.4 Embedding single NPs into PCs

Once the position of a single NP is determined, the fabrication of PC containing this

NP will be realized. For the fabrication step, the excitation power was increased due

to the ultra-low absorption of SU-8 photoresist at 532 nm excitation wavelength. In

this experiment, we have chosen a power of 3.8 mW for all fabrications. A set of

micropillars whose geometry is a hexagonal 2D PC was designed to fabricate so as

the NP is located at the central pillar of the fabricated structure. Figure 6.4 shows a

sketch of the fabrication process. In this process, the fabrication of each pillar was

realized by scanning the focusing spot along the vertical direction (z-axis) and through

the total SU-8 film thickness (total moving distance of 2 µm). We note that, we
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Figure 6.3: (a) Illustration of a sample area in which a gold NP is sandwiched in
between SU-8 films. The fluorescence scanning is realized in the (xy)– and (xz)–
planes, indicated by the red border rectangles. (b) and (c) Fluorescence images
obtained by scanning along the (xz)– and (xy)–planes, respectively. (d) Extract of
data corresponds to the dotted line shown in (c) showing the fluorescence intensity as
a function of position of the NP and the precision of its position determination.

did not focus on investigating the effect of periodic microstructure, so the geometric

parameters of the micropillars pattern were chosen so that the photonic bandgap (if

any) of the micropillars hexagonal structure must stay far from the emission band

of the Au NP embedded inside the structure. The micropillars pattern is only for

easily identify such small structures under microscopies (optical, SEM), and is also

to facilitate the identification of which pillar does contain the single Au NP among

many else, which is for later presentation. After the exposure step, the sample was

post-baked on a hot plate at 65◦ (3 mins) and 95◦ (5 mins) to finalize the cross-linking

process, followed by the development step. The patterned sample was then put back

on the PZT stage, at the same position of previous localizing step, for optical analysis

and characterization. The morphology and surface topography of each structure was

subsequently examined by optical microscope and scanning electron microscope.
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Figure 6.4: Sketch of exposure process and thermodynamic model used for explanation
of thermal accumulation effect, which induce the polymerization within a spherical-
shape volume.

6.2.5 Results

Figure 6.5–(a) shows a SEM image of a totally 11 structures on a glass substrate, each

contains a single Au NP at its center. In this image, while all micropillar patterns have

the same parameters (center-to-center distance of 1.50 µm; the diameter and the high

of each pillars is about 0.32 µm and ≈ 1.00 µm, respectively), the microspheres at the

center have different diameters varying from 0.76 to 1.40 µm. Figure 6.5–(b) shows a

SEM micrograph of the structure outlined by red rectangular in Fig. 6.5–(a). The

fabricated structure has a perfect spherical shape with the diameter of D = 1.12 µm.

The mechanism in which the spherical shape is formed is quite evident. It is

explained by a thermodynamic modal (see Fig. 6.4), such that: during being contin-

uously irradiated by focused laser beam, the Au NP within the laser spot absorbs

strongly the green light resulting in strongly localized surface plasmon resonance

(LSPR). The excitation energy decays mainly nonradiatively via electron-phonon colli-

sions followed by phonon-phonon relaxation. As the result the particle is continuously
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Figure 6.5: A series of structures are successfully fabricated by LOPA DLW technique.
Structures containing a single gold NP appears to be spherical shape, which is always
located at the center of the pattern.

heated and radially diffuse heat beyond the particle surface into the surrounding

medium [116, 117]. Meanwhile, photoinitiators within focal spot absorb one-photon

energies from the incident light to generate a certain number of strong acids (Lewis

acid). The Au NP at that time plays a role as a “hot plate” which provides an amount

of necessary heat for catalyzing the cross-linking reactions to take place. In turn, these

reactions regenerate an adequate number of another acids. As long as the temperature

is sufficiently high (> 75◦C) at reaching these acids, the polymer chains is continuously

formed [118]. As the result a spatially spherical volume which confines a high density

of strong acid forms the spherical building block after development processes. The

amount of heat generated by plasmonic NP can be controlled by the particle size,

shape as well as the illumination strength, wavelength and irradiation duration. Hence

interplay of Au NP with laser light allows spatial temporal heat management leading

to controllable fabrication processes. With the given experimental setup, there are two

ways preferable for handling the spherical size: either by intensity of the excitation

light or by exposure time. It is worth to be borne in mind that the former could be out

of control if the intensity is too high, temperature at focal volume if exceeding either

the deformation point of Au NP (such as melting point, fragmentation threshold) or

boiling point of the host SU-8 material. In such a case the convolution of the heat
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Figure 6.6: Fluorescence images of fabricated structures obtained in (a) (xy)– and
(b) (xz)–planes. (c) Image of the microsphere containing a single Au NP. The single
Au NP is locked at the center offers the very high intensity counts with respect to
those of nearby SU-8 host medium surrounded by air. (d) Comparison of fluorescence
signals in two cases, Au NP in microsphere (blue curve) and in unpatterned SU-8
photoresist film (red curve).

flux is unanticipated resulting in a micro-explosion or a laser-induced damage.

Figure 6.6 shows the fluorescence images in (a) (xy)– and (b) (xz)–planes of the

fabricated structures, using the same excitation power as in the mapping step. It is

obvious that the emission spot at the structure center is very bright comparing to the

weak emission of the surrounding micropillars. Note that the SU-8 micropillars also

fluorescence, but with very weak rate. Figure 6.6-(c) shows a zoomed fluorescence

image of the structure containing single NP, which is located at the center (bright)

and the shaded circle zone denote the weak fluorescence due to cured SU-8 photoresist.

This strongly confirms the existence of a single Au NP inside the microsphere. Fur-

thermore, by comparing the fluorescence signal obtained before fabrication (Au NP
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embedded in uncured SU-8 films) and after fabrication (Au NP embedded in cured

SU-8 microsphere), we found a strong enhancement. The red and blue curves in Fig

6.6-(d) represent the fluorescence intensity of the same Au NP, obtained before and

after fabrication, respectively. In this case, we estimated a 6-fold enhancement in

collected fluorescence rate. For all other structures, the enhancement factor varied in

between 3.0-fold and 6.0-fold, due the difference of the microspheres sizes.

The origins of the fluorescence enhancement can be attributed to: i) geometric

modification of the emitted light thanks to the microstructure and ii) the change

of fluorescence emission rate when the surrounding medium of Au NP varies (SU-8

changes from unpolymerized to polymerized states). We expected that the first reason

plays a dominant role, since the optical property of SU-8 does not change much in

between two states. In order to understand the fluorescence enhancement in the case

of NP/PS coupling, we performed a FDTD simulation using a commercial “Lumerical”

software.

6.2.6 Numerical simulation

Simplifying our system with a view of optimizing the collection efficiency, we simply

restrict ourself following considerations: 1) The gold NP is generalized as an emitter

and being placed at the center of the microsphere. 2) uncured SU-8, cured SU-8 and

glass are assumed to be all dielectric materials with refractive indices are 1.6, 1.58

and 1.51, respectively. 3) the amount of power radiated into the farfield is normalized

with respect to the source power in a homogeneous medium. In addition, the oil and

the glass coverslip have the same refractive index, this scheme does not take into

account any refraction index mismatch so that we avoid of using the Fresnel correction

when calculation the transmission in the farfield. In practice, an emitter is usually

considered to be an electric dipole polarized either perpendicular or parallel to the

glass-air interface. For many case of interest the dipole orientation is isotropic, by

which we mean a dipole whose moment rotates and samples all directions in space

in a time. This case may be described by a combination of vertical and horizontal

emitters, weighted by a factor of 1/3 and 2/3 respectively.

We considered two particular configurations: a single Au NP embedded in SU-8
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Figure 6.7: FDTD simulation setup for a single gold NP coupled into a polymeric
microsphere: Perfect Matched Layers are used for simulation boundaries; SU-8 and
glass media are supposed to be dielectric materials with refractive index of 1.58 and
1.51, respectively; 50 nm diameter spherical Au NP is assumed a horizontally polarized
(parallel to the glass-photoresist interface). The power monitor placed underneath the
interface is used to collect the emission power.

film ((F) configuration) and a single Au NP embedded in a SU-8 microsphere ((S)

configuration). For both cases, we assumed that the oscillating dipole is located in

SU-8 photoresist at d = 500 nm from the interface between SU-8 and glass substrate

and the detector is located at the OL position (see Fig. 6.7). There are different

important parameters representing optical properties of such NP/microsphere coupling

system, but we focused only on the “extraction efficiency”, which is defined as the

ratio of the collected power to the total power radiated by the electric dipole. In order

to evaluate how much the power of the source could be collected by a microscope

objective we evaluate the power as the function of the acceptance angle θ. The

acceptance angle is expressed as θ = arcsin(NA/n), n is refractive index of oil, NA is

the numerical aperture of the lens.

Figure 6.8–(a) shows the simulation result. It can be seen that, with the case

of (S) configuration, almost 63% of the source power can be collected at the angle

of θ > 59.81◦ or NA>1.3 microscope objective. Meanwhile, with the case of (P)

configuration, the maximum power collected is as high as 23% by using the same

aperture lens. Hence, an extraction efficiency enhancement of 2.75-fold is evident.
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Figure 6.8: Calculation of fluorescence extraction efficiency in two situations: a single
Au NP in a photoresist microsphere (red curves) and a single Au NP in unpatterned
SU-8 photoresist film (blue curves). Simulations are based on FDTD method, with
(see Fig. 6.7): d = 503 nm, r = 553 nm, emitted wavelength λ = 650 nm. We
also assumed that a single NP corresponds to an absorption/emission dipole oriented
parallel to the air/glass interface. (a) Extraction efficiency versus half–angle θ. (b)
Polar diagrams of normalized electric field intensity in (xz)–plane shows the spatial
distribution of the emitted light (radiation pattern).

6.3 Discussions, conclusions and prospects

To explain this simulation result, we note that for small particles behaving like dipoles

close to a dielectric interface, the radiated power is principally emitted towards the

denser medium at the critical angle [119]. Because SU-8 film possesses a high refractive

index with respect to that of glass substrate, the emission from the Au NP suffered

a total internal reflection (TIR), so that all the emitted light at angles larger than

the critical angle are completely reflected. In contrast, in case of Au NP embedded

in SU-8 microsphere, the Au NP is bounded by a small SU-8 volume, surrounding

by air, resulting in a low effective refractive index, as compared to that of glass

substrate. Therefore there is no limitation caused by TIR effect and the radiated

light is transmitted into glass substrate and is mostly collected by the objective. This

is confirmed by the radiation pattern, i.e. the electric field intensity distribution in

(xz)–plane, shown in Fig. 6.8–(b). A single dipole, oriented parallelly to the dielectric

interface, emits light mainly in the direction close to the critical angle, represented
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by two lobes. We can see that in the case of (S) configuration (red), a significant

portion of emitted light is located in the vicinity of θc = arcsin(1/nglass) = 41.2◦,

which belongs to the solid cone of the microscope objective, and can be detected.

Whereas the radiation pattern of (F) configuration oriented at larger angle and the

radiation intensity is approximately three times weaker, leading to a loss of photons

because they are out of the solid cone of the microscope objective.

Certainly, we can not directly compare the experimental result with the numer-

ical simulation result because of our oversimplification in treating the 50 nm gold

nanopartricle as an oscillating electric dipole. Although such modeling allows us

verify the emission pattern, it does not valid to evaluate the total enhancement in

collection efficiency. Such an oversimplification of the system does not take into

account many aspects of the Au NP interacting with light. In such a case, when

irradiation to the CW laser beam for along time the Au NP could be reshaped or

suffered a fragmentation, a Au nanocluster can not be resolved by optical microscope

could give rise strongly photoluminescence enhancement [120, 121]. In contrast to the

(F) configuration, in (S), the changes in the local refractive index associated with

increasing rapidly temperature in the infinite volume also be a origin of the red–shift

in plasmon resonance band as well as the angular distribution pattern [122], giving rise

the lager amount of emitted photon could pass in to the detection window (> 580 nm),

enhancing the photon collected efficiency. So, a complete model and full mathematical

calculation for the case is needed, open up for the future investigation.

In conclusion, we have demonstrated a simple and low-cost technique to precisely

reposition and embed a single nano-emitter, a single plasmonic Au NP used in this

chapter was an demonstrative example, into a photonic microstructure. The coupled

NP/photonic microstructure was realized by a confocal system working in very low

linear absorption regime, and with a double-step technique: ultra-low excitation power

for determination of nano-emitter position, and low excitation power for fabrication of

desired microstructures. The coupling of single nano-emitter into PC allowed a great

enhancement of extraction efficiency of, as compared to the case without coupling.

This LOPA-based direct laser writing with a double-step technique is very simple but

powerful comparing with other complicated and expensive techniques that we have

mentioned before. It is also very promising to embed other non-fluorescent nano-object
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into PC, such as diamond NP containing a single emitter, into desired polymer-based

PCs, thus allowing the manipulation of the single photon emission.
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Conclusion and outlook

We have introduced a new technique, which bases on an already-well-known mechanism,

namely one-photon absorption direct laser writing (DLW) for fabrication of low-cost,

high-quality 3D PCs. We demonstrated the new technique through both theory and

experiment on the ultra-low absorption regime (LOPA) of photosensitive material.

We pointed out that DLW based on LOPA microscopy enables 3D fabrication in any

kind of photoresist material with flexible defect engineering.

The course of the thesis is described as follows:

To obtain deeper insight in the physics of optical lithography based on optical

microscope, we performed an investigation on the structure of electromagnetic wave

focusing and propagating in an absorbing medium. We developed our model by

extending the theory of focused electromagnetic wave in homogeneous, transparent,

single medium, which was firstly accomplished by Debye and Wolf. The development

of the theory was made by using the same approach proposed by Torök and the theory

of the electromagnetic wave propagating in an absorbing medium. Thanks to this

theory we obtained a rigorous solution of Maxwell’ equation for our DLW technique.

Basing on the developed formulation we proceeded numerical calculations for most

important parameters in DLW, which are the structure of diffraction pattern, the

intensity distribution of the focal region, the maxima intensity at the focus, the lateral

and the axial size of the focusing spot, etc. In most cases, the calculations are made

for different focus depth and different NAs of the used objective lens. The important

results obtained from this theory can be divided into two general cases.

The first case deals with mismatched refractive index (MRI). In this case, the

spherical aberration plays a predominant role in the attenuation of intensity at the

focus. Indeed, the intensity at the focus varies linearly and nonlinearly as a function of
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both NA and focus depth. On going from the interface towards the absorbing material,

maxima intensity decreases and the energy distribution becomes less concentrated.

The trend of attenuation depends on the absorption strength of material. For a

given focus depth and given absorption strength, the nonlinearity behavior makes the

intensity at the focus difficult to be dictated. Sometimes, a high NA gives less intensity

at the focus then the low one. These results well agreed with those obtained by Torök

and co-workers for lossless case. However, the absorption effect always performs its

duty, that, the intensity at the focus decreases as a function of the focus depth in

parallel with the attenuation due to MRI. The stronger absorption is, the smaller the

intensity at the focus is, no matter how the aberration be. The second case, the case

of refractive index accordance. The behavior of the intensity at the focus become

linear. This means the intensity at the focus varies linearly as the function of the

focus depth and NA. It is evident that, a higher NA give higher intensity, it is even

true for every focus depth as well as the absorption strength. In the case of very weak

absorption (as the case we investigated for SU-8 and a green laser) the convolution of

the intensity at the focus is almost the same to that of without absorption case. The

light travels in the absorbing medium freely as if it does in a transparent medium.

Light intensity at the focus is very high, about seven order of magnitude compared to

that at the entrance pupil of the objective lens.

The low absorption, strong focusing and the MRI-free become three crucial key

points in experiments with DLW. The OPA polymerization mechanism in the case of

ultra-low absorption is similar to TPA one: the polymerization reactions take place

significantly only at the focus, then decrease quickly from very high to almost ten

millions time weaker at distance of about 2 µm from the focus origin. We applied

LOPA microscopy for a regular DLW for fabrication of 2D and 3D PCs. A series of

2D CPCs and 3D PCs that we have shown strongly confirm the capability of LOPA

for 3D submicrometer fabrication. Furthermore, we also have demonstrated that our

technique can apply not only for fabrication of defect-free submicometer structures

but also for freely design a defect within the body of fabricated PCs. Indeed, in

our experiment, a “L”-shape waveguide is successfully engineered on the top and

at the bottom facet of a 3D fcc spiral structure. In addition, we also demonstrate

LOPA DLW through the fabrication of arbitrary volumetric 3D photonic structure,
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the “LPQM” letter structure is an example. From the experiment results in fabrication

of 2D and 3D PCs (2D micropillars-based CPC, woodpile, chiral twisted, spiral, defect

engineering and arbitrary volumetric structure) we have validated the correctness

of LOPA idea and demonstrate its flexibility for fabrication of any kind of photonic

structure at wavelength scale.

However, LOPA has a native drawback, that is common feature in any linear

system, that is dose accumulation effect. We were aware that this kind of effect

can not be eliminated but can be improved. Experimentally and theoretically we

demonstrated that the deformed structure due to linear absorption can be minimized

by applying our compensation technique. The idea is that, we attentively compensate

an amount of dosage by increasing the exposure dose at the thinner part and reducing

the dose at the thicker part of the fabricated structure. Of course, the compensation

is on-fabrication process, which means that we predict the degree of distortion (even

the shrinkage effect is also counted in) based on both experiments and theoretical

calculation to calculate an amount of dose which must be compensated, different dose

for different parts. By applying this technique, we have obtained better quality of the

fabricated structures.

On the way of demonstration of the LOPA DLW technique, we have demonstrated

the capability to coupling a single nano-emitter to the photonic structure. In this

demonstration we chose to work with a gold nanoparticle as an active material and a

2D hexagonal micropillars PC structure as a host medium. We have shown that by

applying the double-step fabrication technique we can precisely couple a single Au NP

into a spherical-shape microstructure. Our measurements have shown an accuracy of

about 20 nm for addressing a single Au NP on the unpatterned material and embedding

into the microstructure. An application of a single plasmonic-photonic device system

is to investigate the coupling of plasmon resonance field to the photonic mode of

the photonic device. The investigation of this application beyonds the frame of the

thesis. Here we focused only on the enhancement of collection efficiency of spontaneous

emission. This is very important aspect in quantum information processing application.

In our experiment, the embedded single Au NP in a microsphere structure gives an

enhancement up to 6-fold of photon collection efficiency if the detector is placed at

appropriate position in comparison with the case in which a single Au NP is embedded
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in an unpatterned host material. Our theory and experiment have shown that the

enhancement is due to the different refractive index between SU-8 and air, in addition

with the modification of the geometry of the microsphere structure.

For conclusion, we have theoretically and experimentally investigated the LOPA

microscopy applying to DLW for successful fabrication of 2D and 3D PCs with or

without defects. We investigated the theory of compensation technique to improve

quality of the structures fabricated by LOPA DLW. We demonstrated the capability of

LOPA microscopy for precisely coupling a single fluorescent emitter to the polymeric

microstructure. The investigation will pave a way for facilitating, simplifying and

reducing the cost of submicrometer 3D fabrication.

For outlook, we emphasize some remarkable applications of LOPA microscopy as

follows.

• Fabrication of 3D Micro-resonators (MRs): In MRs, the coupling light into

resonant mode of the photonic structure requires a small gap between resonator

and excitation devices, such as integrated waveguides, tapered fiber optics or

prisms [123–125]. In polymer 2D microring resonators or 3D microresonator, the

gap, which support the best coupling between devices requires well controlling

gap size and the surface roughness must be as smooth as possible. Enter into

among many current lithography techniques, which are associated to polymers

materials, LOPA DLW can be a simple and low-cost technique for fabrication of

such polymer-based 3D microresonator because of capability in well control size

gap as well as reducing the roughness using the compensation technique. So far,

the smallest gap can reach by LOPA is as narrow as hundred nanometers.

• Coupling an arbitrary single nano-emitter to the photonic device: Three kinds

of wide-used emitters in literature for coupling problem are QDs, N-V centers

and plasmonic NPs. All of them can be the targets on LOPA fabrication

technique. Indeed, since the technique is the polymer-based, and LOPA uses

just a single wavelength for both mapping and fabrication, a single fluorecent

nano-emitter embedded in polymer can be imaging then precisely addressing.

The subsequent fabrication step can be done easily to confine the emitter on/in

polymeric photonic device.
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Appendix A

Inhomogeneous waves at the inter-

face of lossy isotropic media

Consider a plane monochromatic wave propagating in a lossy isotropic medium

characterized by complex permittivity ǫ = ǫ′ − iǫ′′ and permeability µ = µ′ − iµ′′. The

electric, E, and magnetic, H, field vectors of such a wave are given by

E = eei(ωt−k·r), H = hei(ωt−k·r), (A.1)

where e and h are complex amplitude vectors, k and r are the wavevector and a

position vector, respectively, with ω and t being the frequency and time. In a lossy

medium the wavevector k is complex, that is, k = k′ − ik′′, where k′ and k′′ are real

phase and attenuation vectors, respectively. If the vectors k′ and k′′ are not parallel,

the planes of constant phase and constant amplitude (defined as k′ · r =const and

k′′ · r =const, respectively) are not parallel either, and the corresponding wave is

inhomogeneous.

Now we define the refractive index m′ and attenuation coefficient m′′ of an inho-

mogeneous wave. In Fig. A.1 we depict the orientation of the phase and attenuation

vectors at the interface (white plane) of two lossy isotropic media- the blue and red

planes are the incidence planes for the phase and attenuation vectors, respectively.

The lengths of k′ and k′′ as |k′| = ω
c0

m′ and |k′′| = ω
c0

m′′, where c0 is the speed of light

in vacuum. Such a definition retains the physical meaning of the refractive index and

attenuation coefficient; namely, m′ equals the ratio of c0 to the phase velocity and m′′
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Figure A.1: Orientation of the phase and attenuation vectors at the interface (white
plane) of two lossy isotropic media. The blue and red planes are the incidence planes
for the phase and attenuation vectors, respectively.

determines the distance at which the amplitude is reduced to 1/e times. Note that

both m′ and m′′ are real and positive by definition, since we determine them through

the length of a real vector.

By separately equating the real and imaginary parts in the dispersion equation

k2 = ǫµω2/c2
0 = n2ω2/c2

0, where the complex value n = n′ − in′′ is defined as n2 = ǫµ,

we find

m′2 − m′′2 = ǫ′µ′ − ǫ′′µ′′ = n′2 − n′′2, (A.2a)

m′m′′ cos ϑ =
1

2
(ǫ′µ′ + ǫ′′µ′′) = n′n′′, (A.2b)

in which ϑ is the angle between k′ and k′′. Note that inhomogeneous waves with

m′′ 6= 0 can exist in lossless media(ǫ′′ = µ′′ = 0) if ϑ = 90◦ in Eq. (A.2b); that is, if

k′ ⊥ k′′. For example, such a kind of inhomogeneous wave describes total internal

reflection, where a wave at the boundary of two lossless media propagates along the

boundary and attenuates in the direction perpendicular to the interface. Additionally,

Eqs. (A.2a) and (A.2b) indicate that n′ = m′ and n′′ = m′′ only if ϑ = 0; that

is, if k′ ‖ k′′ (homogeneous damped waves). Thus the complex quantity n loses its

traditional meaning of refractive index for inhomogeneous waves (ϑ 6= 0).
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A.1 General law of reflection and refraction

We examine the formation of inhomogeneous waves at the interface of two lossy isotropic

media: the first medium is characterized by a complex permittivity ǫ1 = ǫ′

1 − iǫ′′

1 and

permeability µ1 = µ′

1 − iµ′′

1, and the second medium by ǫ2 = ǫ′

2 − iǫ′′

2 and permeability

µ2 = µ′

2 − iµ′′

2. The incident wave comes from the first medium, and a unit interface

normal q̂ points to the second medium (see Fig. A.2). The wavevectors ki, kr and

Figure A.2: Orientations of the phase and attenuation vectors at the interface between
a lossless dielectric and a lossy isotropic medium.

kt of the incident, reflected and transmitted waves can be written as the sum of two

vectors that are parallel and perpendicular to the interface

ki = p + qiq̂, kr = p + qrq̂, kt = p + qtq̂, (A.3)

The parallel components p are continuous across the interface:

p = [q̂ × [ki × q̂]] = [q̂ × [kr × q̂]] = [q̂ × [kt × q̂]], (A.4)

The normal components have magnitudes qi = (ki · q̂), qr = (kr · q̂) and qt = (kt · q̂),

where

qr = qi, q2
t = ǫ2µ2ω

2/c2
0, (A.5)

For the most general case, all three wavevectors kα (with α ≡ i, r, and t) are complex,

that is, kα = k′

α − ik′′

α. Therefore, p = p′ − ip′′ and qα = q′

α − iq′′

α, where

p′ = [q̂ × [k′

i × q̂]], p′′ = [q̂ × [k′′

i
× q̂]], (A.6a)

q′

α = (k′

α · q̂), q′′

α = (k′′

α · q̂), (A.6b)
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By separately equating the real and imaginary parts in Eq. (A.3), we obtain two sets

of equations for the phase vectors k′

α and attenuation vectors k′′

α:

k′

i
= p′ + iq′

iq̂, k′′

i
= p′′ + iq′′

i q̂, (A.7a)

k′

r
= p′ + iq′

rq̂, k′′

r
= p′′ + iq′′

r q̂, (A.7b)

k′

t
= p′ + iq′

tq̂, k′′

t
= p′′ + iq′′

t q̂. (A.7c)

According to Eqs. (A.7a)-(A.7c) the phase vectors k′

α and attenuation vectors k′′

α, in

general, lie in two different planes (see Fig. A.2). In other words, at the plane interface

of two lossy isotropic media, there are, in general, two incidence planes: the incidence

plane for the phase vectors (spanned by k′

i and q̂ with the normal s′ = [k′

i × q̂]) and

the incidence plane for the attenuation vectors (spanned by k′′

i and q̂ with the normal

s′′ = [k′′

i × q̂]).

Two incidence planes result in two sets of equalities for Snell’s law, for the phase

and attenuation vectors, respectively. We find them by equating the magnitudes of

the real and imaginary parts in Eq. (A.4) and using the definitions of m′ and m′′:

m′

i sin θ′

i = m′

r sin θ′

r = m′

t sin θ′

t (A.8a)

m′′

i sin θ′′

i = m′′

r sin θ′′

r = m′′

t sin θ′′

t . (A.8b)

where θ′

α and θ′

α are the angles between the unit normal q̂ and the associated phase

vectors k′

α and attenuation vectors k′′

α, respectively.

Before we focus on the transmitted wave, we make a simple remark on the reflected

wave. The reflected wave has the same inhomogeneity as that of the incident wave, so

that m′

r = m′

i and m′′

r = m′′

i (the reflection angles are θ′

r = π − θ′

i and θ′′

r = π − θ′′

i ).

This implies that if the first medium is lossless and the incident wave is homogeneous,

then the reflectedwave is also homogeneous, even if the second medium is lossy

[126–128].

Now we examine the transmitted wave whose phase and attenuation vectors are

given by Eq. (A.7c). In Eq. (A.7c) we need to determine the projections q′

t and q′′

t ,

which are the real and imaginary parts of the complex projection qt = q′

t − iq′′

t . Note

that we cannot uniquely determine qt using Eq. (A.5), since qt is in the quadratic

form. Many textbooks choose a positive sign for qt, or equivalently q′

t = (k′

t
· q̂) > 0
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and q′′

t = (k′′

t
· q̂) > 0, because the phase vector, and consequently the phase velocity,

are outgoing from the interface only for this choice of sign. We now know, however,

that the phase velocity can be incoming towards the interface if negative refraction

takes place. Thus a careful study is necessary to unambiguously determine the sign

of qt. For this purpose we introduce a complex dimensionless parameter ξ = ξ′ − iξ′′,

defined as

ξ = q2
t

c2
0

ω2
. (A.9)

For its real and imaginary parts, we find ξ′ = (q′

t
2 − q′′

t
2)c2

0/ω2 and ξ′′ = 2q′

tq
′′

t c2
0/ω2.

Therefore, taking into account that q′

t and q′′

t are real by definition, we obtain q′

t
2 =

(|ξ|2 + ξ′)ω2/c2
0, and q′′

t
2 = (|ξ|2 − ξ′)ω2/c2

0, where |ξ| =
√

ξ′2 + ξ′′2. To find the signs

of q′

t and q′′

t we express them as

q′

t = s′
ω

c0

√

(|ξ| + ξ′)

2
, , q′′

t = s′′
ω

c0

√

(|ξ| − ξ′)

2
, (A.10)

where s′ = ±1 and s′′ = ±1 are their signs. Then, since ξ′′ = 2q′

tq
′′

t c2
0/ω2 = s′s′′[(|ξ| +

ξ′)(|ξ| − ξ′)]1/2, we find that

s′s′′ = sgn{ξ′′}. (A.11)

Thus the signs s′ and s′′ are the same if ξ′′ > 0, and opposite if ξ′′ < 0. Specific

values of s′ and s′′ can be selected only by applying an additional constraint: that

the energy flux in the second medium must be directed away from the interface.

Mathematically we write this constraint as Pt · q̂ ≥ 0, meaning that the projection of

the time-averaged Poynting vector Pt of the transmitted wave on the interface normal

must be nonnegative.

To calculate q′

t and q′′

t by Eq. (A.10), we need to express ξ′ and ξ′′ through some

known values such as permittivities, permeabilities, incidence angles, etc. To do so we

substitute Eq. (A.5) into Eq. (A.9) and then separate the real and imaginary parts.

As a result we obtain

ξ′ = (ǫ′

2µ
′

2 − ǫ′′

2µ′′

2) − (p′2 − p′′2)
c2

0

ω2
, (A.12a)

ξ′′ = (ǫ′

2µ
′′

2 + ǫ′′

2µ′′

2) − 2(p′p′′)
c2

0

ω2
. (A.12b)
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Using Eq. (A.6a), we express the terms with p′ and p′′ in Eq. (A.12a) and Eq. (A.12b)

through the parameters of the incident wave:

p′2 = m′

i
2 ω2

c2
0

sin θ′

i
2
, p′′2 = m′′

i
2 ω2

c2
0

sin θ′′

i
2
, (A.13a)

p′ · p′′ = m′

im
′′

i (cos ϑ − cos θ′

i cos θ′′

i ). (A.13b)

where the angle ϑ between k′ and k” can be found from (A.2b) for the incident wave.

Then we obtain

ξ′ = (ǫ′

2µ
′

2 − ǫ′′

2µ′′

2) − (m′

i
2sin θ′

i
2 − m′′

i
2sin θ′′

i
2), (A.14a)

ξ′′ = (ǫ′

2µ
′′

2 + ǫ′′

2µ′′

2) − 2m′m′′(cos ϑ − cos θ′ cos θ′′). (A.14b)

Having clarified the sign issue of the complex projection qt, we now turn to

the refractive index m′

t and attenuation coefficient m′′

t . From Eq. (A.7c) and Eq.

(A.10) we have k′

t
2 = p′2 + q′

t
2 = 1

2
(|ξ| + ξ′ + 2p′2c2

0/ω2)ω2/c2
0, which is equal to

k′

t
2 = m′

t
2ω2/c2

0. Therefore, we obtain m′

t = [(|ξ| + ξ′ + 2p′2c2
0/ω2)/2]1/2, where we

have chosen the “ + ” sign since m′

t is positive by definition. Similarly, we obtain

m′′

t = [(|ξ| − ξ′ + 2p′′2c2
0/ω2)/2]1/2. With the help of Eq. (A.13a), we find that m′

t and

m′′

t can be written as

m′

t =
√

(|ξ| + ξ′ + 2m′

i
2 sin θ2

i )/2, (A.15a)

m′′

t =
√

(|ξ| − ξ′ + 2m′′

i
2 sin θ2

i )/2. (A.15b)

Equations Eq. (A.15a) and Eq. (A.15b) clearly show that the refractive index m′

t and

attenuation coefficient m′′

t depend not only on the material properties of the second

medium, but also on the incidence angles θ′

i and θ′′

i .

To summarize the results of this section, we describe how one can find the parame-

ters of the transmitted wave if the corresponding parameters of the incident wave are

known: (i) calculate ξ′ and ξ′′ from (A.14a) and (A.14b) (ϑ can be found from (2b));

(ii) find the refractive index m′

t and attenuation coefficient m′′

t from Eq. (A.15a) and

Eq. (A.15b); (iii) with the obtained m′

t and m′′

t calculate the transmission angles θ′

t

and θ′′

t using Eq. (A.8a) and Eq. (A.8b); (iv) find the signs of q′

t and q′′

t in Eq. (A.10),

utilizing Eq. (A.11) with the additional constraint Pt · q̂ ≥ 0, where the time-averaged

Poynting vector of the transmitted wave, Pt, should be calculated separately.
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A.2 Particular cases

As a particular example, we consider a single interface where the first medium is a

lossless dielectric (ǫ′′ = µ′′ = 0) and the second medium is lossy and isotropic (see

figure A.2). We further assume that the incident wave is a homogeneous plane wave,

which is characterized by the real wavevector ki = k′

i (k′′

i = 0 and µ′′

i = 0), refractive

index m′

i =
√

ǫ1µ1 = n1, and incidence angle θ′

i = θi. According to Eq. (A.6a) and Eq.

(A.7c), the condition k′′

i
= 0 means that p′′ = 0 and k′′

t
= q′′

t
q̂. As a consequence the

transmission angle θ′′

t = 0. Thus the attenuation vector k′′

t
of the transmitted wave is

normal to the interface for any incidence angle. In other words, equiamplitude planes

of the transmitted wave are always parallel to the interface[126, 127].

For the case of a single interface Eq. (A.14a) and Eq. (A.14b) can be simplified as

ξ′ = (ǫ′

2µ
′

2 − ǫ′′

2µ′′

2) − (n1
2sin θ′

i), ξ′′ = (ǫ′

2µ
′′

2 + ǫ′′

2µ′′

2).

With these ξ′ and ξ′′ we can calculate the refractive index m′

t and attenuation coefficient

m′′

t of the transmitted wave using (A.15a) and (A.15b), and then the transmission

angle θ − t using (A.8a).

To find the orientation of k′

t and k′′

t, we need to determine the signs of their

projections q′

t and q′′

t in (A.7c). In any lossy medium, the projection of an attenuation

vector onto a time-averaged Poynting vector is always positive, so that k′′

t
· Pt > 0,

where Pt is the time-averaged Poynting vector of the transmitted wave. By substituting

k′′

t
from (A.7c) into (A.4) and taking into account that p′′ = 0, we find q′′

t (Pt · q̂) > 0.

Since the condition for the energy flux to be directed away from the interface is

Pt · q̂ ≥ 0, we eventually find that q′′

t must be positive. That is, the attenuation vector

k′′

t
of the transmitted wave is outgoing from the interface.

For conclusion of this section, we have derived a general law for inhomogeneous

wave at the interface of lossy isotropic media. We obtained explicit expressions for

the parameters of a wave transmitted through the interface between two lossy media

which are characterized by complex permittivity and permeability. We shown that,

in any lossy medium, the projection of an attenuation vector onto a time-averaged

Poynting vector is always positive and most important result which is being applied

in the next section is that, in particular case, where the first medium is a lossless
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dielectric (such as a glass or oil medium) and the second medium is lossy and isotropic

(such as a photoresist) the attenuation vector k′′

t
of the transmitted wave is always

normal to the interface for any incidence angle from the first medium. The result of

this section also can be extended for further investigations in negative refraction of a

inhomogeneous waves at the interface.
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Appendix B

Matlab codes for simulations

Matlab codes for calculation of maxima intensity at the focusing spot.

% Calculation of time-averaged electric field at near focal plane

global n1 n2 e21prime e22prime

NA=1.3;

n1=1.58;

n2=1.58; k2=0.0000306;

wl=532*1e-9;

fo=1e-3; % laser power

lo=0.32*1e-3;

theta=0;

%%%%

e0=8.854187821e-12;

c=3.0e+8

scale=0.5*n2*c*e0;

%%%%%%%%

e21prime=n2^2-k2^2;

e22prime=2*n2*k2;

a=asin(NA/n1);

k0=2*pi/wl;

k1=k0*n1;

%%%%%%%

K=fo*lo/2*k1;
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%%%%%%%

numpoints=150;

d=25e-6;

% coordinate preparation

grid=zeros(numpoints,numpoints,8);

x=1.0e-6*linspace(-1.2,1.2,numpoints);

y=1.0e-6*linspace(-1.2,1.2,numpoints);

[X,Y]=meshgrid(x,y);

% z-position at maximum

z=zatmax(NA,k2,d,wl,numpoints);

for m=1:numpoints

for n=1:numpoints

grid(m,n,1)=x(m);

grid(m,n,2)=y(n);

grid(m,n,3)=quadgk(@(p1)IeroXY(grid(m,n,1),...

grid(m,n,2),z,p1,d,k0,a),0,a);

grid(m,n,4)=quadgk(@(p1)IoneXY(grid(m,n,1),...

grid(m,n,2),z,p1,d,k0,a),0,a);

grid(m,n,5)=quadgk(@(p1)ItwoXY(grid(m,n,1),...

grid(m,n,2),z,p1,d,k0,a),0,a);

grid(m,n,6)=-1i*K*(grid(m,n,3)+grid(m,n,5)*cos(2*theta));

grid(m,n,7)=-1i*K*grid(m,n,5)*sin(2*theta);

grid(m,n,8)=-2*K*grid(m,n,4)*cos(theta);

end

end

I2x=conj(grid(:,:,6)).*(grid(:,:,6));

I2y=conj(grid(:,:,7)).*(grid(:,:,7));

I2z=conj(grid(:,:,8)).*(grid(:,:,8));

I=scale*(I2x+I2y+I2z); % maximum intensity

figure

plot(X,Y,I);

%%%%%I0,I1,I2 intergral%%%%%%%%%%%

function out1=IeroXY(x,y,z,p1,d,k0,a)

function out2=IoneXY(x,y,z,p1,d,k0,a)

function out3=IwoXY(x,y,z,p1,d,k0,a)

global n1 e21prime e22prime

xi1prime=e21prime-n1^2*sin(p1).^2;

xi2prime=e22prime;
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modulXi=sqrt(xi1prime.^2+xi2prime.^2);

mt1prime=sqrt((modulXi+xi1prime+2*n1^2*(sin(p1)).^2)/2);

mt2prime=sqrt((modulXi-xi1prime)/2);

kt1prime=mt1prime*k0;

kt2prime=mt2prime*k0;

v=k0*n1*sqrt((x.^2+y.^2))*sin(a); % v

u=kt1prime*z*sin(a)^2; % u

p2=asin(n1*sin(p1)./mt1prime);

abbr=-d*(n1*cos(p1)-mt1prime.*cos(p2));

ts=2*sin(p2).*cos(p1)./sin(p1+p2);

tp=2*sin(p2).*cos(p1)./(sin(p1+p2).*cos(p1-p2));

I0=besselj(2,v*sin(p1)/sin(a)).*sqrt(cos(p1)).*sin(p1)...

*exp(1i*k0*abbr).*(ts-tp.*cos(p2)).*exp(1i*u.*cos(p2)/sin(a)^2)...

*exp(-kt2prime*(z+d)).*kt1prime.^2;

I1=besselj(1,v*sin(p1)/sin(a)).*sqrt(cos(p1)).*sin(p1)...

*exp(1i*k0*abbr).*tp.*sin(p2).*exp(1i*u.*cos(p2)/sin(a)^2)...

*exp(-kt2prime*(z+d)).*kt1prime.^2;

I2==besselj(2,v*sin(p1)/sin(a)).*sqrt(cos(p1)).*sin(p1)...

*exp(1i*k0*abbr).*(ts-tp.*cos(p2)).*exp(1i*u.*cos(p2)/sin(a)^2)...

*exp(-kt2prime*(z+d)).*kt1prime.^2;
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