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Abstract
Laser photopolymerization is one of the most used methods when fabrication of
3D-micro or nano- structures is required. However, conventional laser writing
techniques, especially when the fabrication of large area structures is needed, are very
time-consuming because of the point-by-point writing. In this thesis, multi-beam
interference is proposed as a simple and time-efficient method, able to accelerate the
production of complex structures by reducing the fabrication time up to two orders of
magnitude in comparison with the conventional point-by-point techniques.
Multi-beam interference as a well-established technique in the world of nonlinear
optics can create periodic structures according to the intensity distribution of the
interfering beams. Moreover, less or more complicated structures are realized as
phase or amplitude modulation occurs, leading to a diversity of possible motifs. On
these terms, this thesis is, also, investigating the possible patterns that are produced in
an interference process as well as the basic changes that are observed when
appropriate beam shaping is applied. The analysis focuses on the interaction between
two, three, four and five beams, and the shaping includes alteration of the distance
between the interfering beams and both phase and amplitude modulation.
Finally, we demonstrate the fabrication of complex periodic patterns that can be used
in biomedical applications or in catalysis, using the controlled multi-beam
interference technique. The samples can be fabricated in macroscopic dimensions and
in short processing times, opening thus potential market applications.

Table of Contents
Acknowledgments
Abstract
1. Introduction
1.1 Polymer Gels
1.1.1 Light Sensitive Gels
1.1.2 Sol-Gel Method
1.2 Photo-polymerization
1.2.1 Photoexcitation
1.2.2 Two Photon Absorption
1.2.2 Polymerization Process

1-9
1-4
1-2
2-4
4-9
5-6
6-7
7-9

2. Beam Shaping
2.1 Phase Masks
2.1.1 Designing of the Masks
2.1.2 Fourier Transform Method
2.2 4f Optical Imaging System
2.3 Spatial Light Modulator

10-20
10-17
10-12
12-17
18
19-20

3. Multibeam Interference
3.1 Theoretical background
3.2 fs Laser Pulses in Multi-beam Interference
3.3 Multibeam Interference Lithography
3.4 Expected Interference Patterns
3.4.1 Two Beams
3.4.2 Three Beams
3.4.3 Four Beams
3.4.4 Five Beams

20-28
21-22
22-24
24-25
25-28
26
26-27
27-28
28

4. Experimental Results and Applications
4.1 Experimental Interference Patterns
4.1.1 Two Beams
4.1.2 Three Beams
4.1.3 Four Beams
4.1.4 Five Beams
4.2 Fabricated Structures
4.3 Applications

29-73
29-68
30-35
35-43
43-51
51-68
68-71
71-73

Conclusion
References

73

1. Introduction
1.1 Polymer Gels
In the past few years, a unique type of materials and their behavior in the presence of
a solvent draw the attention of the scientific community due to possible applications
in a variety of scientific fields. These materials seems to have a state of matter
intermediate between solid and liquid and are called gels. Polymer gels consist of
macromolecular linear or branched chains that are cross-linked with each other,
building polymer networks (fig.1.1)[1]. These networks are filled with a solvent
between their pores and serve as a matrix that holds the solvent in place providing a
steady state with no flow to the gel. The solvent can be any substance that chemical
rules allow to such as water (hydrogels) or air (aerogels).
Gels can be created both physically and chemically depending on the origin of crosslinks at networks. Chemical cross-links (covalent bonds) are created when preformed
polymer chains are linked together using radiation or heat or a highly effective
molecule that leads the elementary units of a polymer chain (monomers) to merge
together. In this case, the produced gels form a three dimensional matrix and they are
insoluble on every solvent while cross-links are strong and irreversible. On the other
hand, physical cross-links (non covalent bonds or associations) are created by nature
without the help of external factors such as a laboratory like process. They develop a
labile network which is adjustable under laboratory processes such as pressure and
heating[1,2,3].
The main reason behind the high interest in this kind of materials is the diversity in
abilities they seem to have. In some cases, polymer gels are able to absorb a big
quantity of an appropriate solvent increasing their volume while in others they tend to
shrink, expelling the solvent, just by making a small change in their environment.
Generally, they have the ability to significantly alter their volume reacting to small
changes in their environment such as pH, temperature, electrical field, and so on[4].

1.1.1 Light Sensitive Gels
A special case of materials that lead to chemically fabricated polymers are the light
sensitive photoresists that have a gel-like or liquid form and contain monomers or
polymer chains with low molecular weight (oligomers). As their name states, they are
sensitive to light, which means that they have the ability to change their properties
when they interact with light[5]. There are two main types of photoresists, negative
and positive. Negative photoresist is the type in which the exposed to light part
becomes solid and insoluble whereas in positive photoresist the exposed part
becomes soluble to an appropriate solvent, chosen based on the building blocks of the
material[6].
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A typical photoresist consists of at least two basic components, a chemical substance
that can be polymerized and a photoinitiator which will be the needed light sensitive
effective molecule that will start the process of photopolymerization[7]. This process
will be explained extensively later on this thesis but in general includes the
conversion of the gel-like or liquid monomers into solid state polymers when
photoinitiator absorbs the incident radiation and produce active species that cause the
polymer chains to be formed.
There is a large number of possible polymeric material-photoinitiator combinations.
These belong mostly in the category of negative photoresists such as acrylate
materials, epoxy based photoresists SU-8 and hybrid sol-gel materials. Hybrid
(organic-inorganic) sol-gel materials are one of the most popular and commonly used
class of photoresists as they benefit from straightforward preparation, modification,
and processing, and in combination with their high optical quality, post-processing
chemical and electrochemical inertness, good mechanical and chemical stability, they
have found several applications in photonic devices such as photonic crystals and
waveguides. They, also, provide the opportunity to include functional groups such as
non linear optical molecules. Even after polymerization, they are optically,
chemically and mechanically stable. There are also a few examples of positive resists
being used[7,8].

Figure 1.1: Schematic depiction of a) linear chain b) branched chain
c)cross-linked polymer network.[3]

1.1.2 Sol-Gel Method
Sol-Gel method is a wet-chemical technique in which is required the usage of a
compound, containing a high chemically active component as a precursor. The
precursor must be mixed in liquid phase (solvent) and then undergo hydrolysis to
2

form an active monomer and condensation to form a stable transparent sol system in
solution. Sol system is a colloidal system that contains solid dispersed particles or
macro-molecules while typical precursors are materials for laser polymerization
metal alkoxides or metal oxides. Then, the sol system slowly polymerizes through its
particles or macro-molecules and forms a gel with the required three dimensional
network structure filled with the solvent that provides the steady state with no flow to
the gel[9].
Normally, the Sol-Gel method can be divided into three basic reaction steps, shown
in (fig.1.2)[8,9]
1) Solvation
M(H2O)nz+ → M(H2O)n-1(OH)z-1 + H+
The metal cation Mz+ attracts water molecules to form the solvent unit M(H2O)nz+ and
then releases H+.
2) Hydrolysis reaction
M(OR)n + xH2O → M(OR)n-x (OH)x
M(OR)n-x (OH)x + xROH → M(OH)n
Non-ionizing molecular precursors, such as metal alkoxide M(OR)n, react with water.
3) Condensation reaction
-M-OH + HO-M- → -M-O-M- + H2O (Dehydration)
-M-OR + HO-M- → -M-O-M- + ROH ( Dealcoholization)
The first polymers start to form through two possible sub-reaction, dehydration or
dealcoholization, based on the type of molecules removed.

Figure 1.2: Sol-Gel method reaction steps.[9]
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As discussed before, sol-gel produced materials are one of the best options in the
class of photoresists because, compared with other methods, it has many
advantages[9]. First of all, the dispersion of the initial compound into the liquid
phase, to form a low-viscosity solution, gives the opportunity to use the solution soon
after its preparation since homogeneity is easily obtained. One more reason is the fact
that due to reaction steps it is easy to uniformly and quantitatively incorporate some
trace elements in order to achieve uniform doping at the molecular level. In addition,
sol-gel method as distinct from solid phase reaction requires lower synthesis
temperature and the reaction is easy to proceed. Finally, this method can be used for
the preparation of a variety of new materials under the appropriate conditions.

1.2 Photo-polymerization
Photopolymerization is a photochemical bonding reaction that converts monomers
and oligomers in liquid photoresin to solid structures through polymerization process.
Another definition could be that it is a light induced polymerization process that
converts monomers and oligomers to polymers in order to form solid structures[10].
The process of photopolymerization is initiated when a light source (laser) offers
energy to the photoinitiator that serves as a photoactive substance. This energy
absorption is called photoexcitation and depending on the number of the absorbed
photons per excitation, absorption can be one-photon (1PA) or multi-photon (MPA).
A special case of MPA is the two-photon absorption (2PA or TPA) in which
photopolymerization is induced via absorption of two photons[11]. When MPA is
required into the volume of the material three basic conditions[7] must be in effect
1) Both the photo-initiator and the monomer material must be transparent at the
incident laser wavelength in order to allow the laser beam transmission and its
penetration to in-volume focusing.
2) The monomer needs to be transparent at the multi-photon (including two-photon)
absorption wavelength to avoid thermal damage or ablation.
3) The photoinitiator needs not only to absorb at the multi-photon (including twophoton) wavelength, but also to have a high multi-photon (including two-photon)
cross-section. It, also, must have a high radical quantum yield and highly-active
radical species generated.
If two out of these three conditions are valid the, photoinitiator will be capable of
multi-photon (or two-photon) polymerization (MPP).

4

Photoinitiators that are used to photopolymerization can be classified into two
categories, depending on the nature of active species they generate: radical
photoinitiators and ionic photoinitiators[7]. The first one, refers to the most widely
used photoinitiators that upon light irradiation, they generate free radicals which
initiate a polymerization process of acrylates or vinyl ethers. Ionic initiators are
photo-acid generators and upon light irradiation produce cations/anions that are used
for the polymerization of epoxides or vinyl ethers. An effective two-photon
polymerization (2PP) photoinitiator has a high quantum yield in the generation of the
active moieties, high thermal stability and stability in darkness and is highly soluble
in the polymerization medium. The most commonly used free radical photoinitiator is
benzophenone and its derivatives.

1.2.1 Photoexcitation
Photoexcitation is a process that takes place by absorption of photons inside the
volume of the polymerizable material. The electrons inside the material are firstly
transferred into the conduction band and then can be promoted to excited states. A
necessary condition for this to happen is the electrons to gain enough energy. If the
material has a large band gap visible spectrum photons are not enough to immediately
ionize the electrons. However, this is possible through 2PA or MPA and leads the
chemical bonds to break and form free radicals or charged atoms, cations (+) or
anions (-). More precisely, during ionization non-linear processes (fig.1.3) occur such
as multi-photon ionization (MPI), avalanche ionization (AI) and tunnel ionization
(TI)[11,12].

Figure 1.3: Typical photoexcitation diagram simulated for
polydimethylsiloxane (PDMS).[11]
5

In multi-photon ionization more that one photon is absorbed and the electron is
excited from the ground state S0 into the conduction band. In this case, the laser
produce a strong field with high frequency and the number of photons must be
enough so that the given energy is larger that the band gap. If the simultaneous
photons absorption is more than the one needed for the above transition then the
electron can be excited to higher energy levels and even gain enough energy to be
ionized out of the valence shell (ionization energy). This non-linear process is called
multi-photon ionization (MPI) and can occur simultaneously with possible MPA and
1PA, competing each other.
Avalanche ionization involves free-carrier absorption followed by impact ionization.
When an electron, that already exist in the conduction band of the material, absorbs
sequentially several photons will move to higher energy levels in the conduction
band. This transition needs to be accompanied by both energy and momentum
conservation. In order to achieve that, the electron must transfer momentum by
absorbing or emitting a phonon or by scattering off an impurity. After the sequential
absorption of n photons, where n is the smallest number that satisfies the relation
nħv≥E g

ħ is Planck’s constant divided by 2π and v the light frequency, the energy of the
electron is larger than the band gap energy. Thus, the electron can ionize another one,
near the valence band, through collision resulting in the production of two new
electrons. Each of these electrons will gain free-carrier energy and potentially ionize
more and more electrons in the valence band, an avalanche-like process.
For strong laser fields but low laser frequency TI prevails over MPI. In TI, the
electric field of the laser suppresses the Coulomb well that binds a valence electron to
its parent atom. If the electric field is very strong, the Coulomb well can be
suppressed enough that the bound electron tunnels through the short barrier and
becomes free. At this point, it is worth noting that in MPI and AI the excitation rate is
dependent by laser intensity I but this relation does not apply in TI.

1.2.2 Two Photon Absorption
An important and popular non-linear excitation method, that belongs to the category
of multi-photon absorption, is the two photon absorption (TPA). As mentioned in the
beginning of part (1.2), TPA refers to the absorption of two photons into the
polymerizable material that leads to the transition of an electron from a low to a
higher energy level. There are two different mechanisms of two-photon absorption
which are sequential TPA and simultaneous TPA (fig.1.4)[11,13,14].
When sequential TPA occurs, the absorbing species are excited to a real intermediate
state. This intermediate state emerges by the absorption of a photon and after its
creation a second photon with the same energy as the ground state is absorbed leading
6

the population of the intermediate state to further excitation to a higher energy level.
Considering that the intermediate energy state exists it is obvious that the material
absorbs at this specific wavelength since the photon energy ħv includes the
wavelength λ through the relation v=2π/λ. Sequential TPA may be considered as two
sequential 1PA.
Simultaneous TPA is the TPA process where the electron absorbs two photons
simultaneously in one excitation event to transcend the energy gap. This phenomenon
has no real intermediate state but a virtual one as a result of the interaction of the
absorbing species with the first photon. The second photon can be absorbed only if
arrives before the decay of the virtual state. In order for this to become possible,
higher intensities are required that are usually provided by a femtosecond (fs) laser.

Figure 1.4: Sequential and Simultaneous two photon
absorption.[14]
The most common lasers for TPA method are Ti: Sapphire femtosecond pulse lasers
because they produce very short pulses, approximately 100 fs or less. In addition,
they are useful for TPA as their central wavelength is around 800 nm, i.e close to
half-wavelength of polymerization for many UV-photocurable resins but also twice
the wavelength of polymerization of many photopolymers. This allows easy control
of the polymerization threshold energy[14].

1.2.2 Polymerization Process
The formation of polymer chains and the building of solid structures through
photopolymerization can be realized by two main mechanisms, cross-linking and
polymerization. The former is mainly focused on the creation of cross-links with
chemical bonds while the other refers to the creation of polymers (or macromolecules) from monomers (or molecules) via a chain reaction procedure. In general,
the polymerization process is described with the equation
+M

+M

+M

+M

+M

M  M 1  M 2  ...  M n−1  M n
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where M is the monomer or oligomer, Mn the polymer chain and n the number of
monomers. Realistically, photosensitive materials contain different types of elements
but the most important one is the photoinitiator[15].
After photoexcitation, the chemical bonds of the photoinitiator break to form
electrically unstable atoms, molecules or ions, meaning free radicals or cations (K+)/
anions (A-). This activity is called photolysis or photodissociation and is expressed
with the following equation[11]
ħv

PI  PI *  R *

where PI the photoinitiator, PI* the excited state of the photoinitiator and R* the free
radical. Instead of free radicals, the photoexcitation event can, also, lead to the
production of cations (K+)/ anions (A-). Based on that, polymerization is divided in
radical and ionic polymerization.
PI concentration is one of the most important parameters because it has a great
impact at the rate of photopolymerization due to the production of free radicals or
cations. In reality, mainly in 1PA, the photopolymerization rate increases with the
increase of PI concentration but only until it reach a maximum optimum
concentration where it starts to decrease. Moreover, 2PA in materials responds
proportional to the squared optical density (I2), so, at the focal point, where 2PA and
the production of free radicals take place, it is possible to achieve high resolution
using a tightly focused laser due to a non linear absorption cross section[11].
When the photolysis occurs, free radicals R* or K+/A- interact with monomers and
form monomeric radicals (RM*) or macrocations (KM+X-) / macroanions (AM-X+)
initiating the polymerization reaction. This procedure is called initiation and accounts
as the most important step in the whole polymerization reaction. It is expressed with
the equation
R *+ M  RM *

Monomeric radicals and macrocations/ macroanions can further interact with
monomers to create macromolecular chains through a process named propagation and
is shown below
+M

RM *  RMM * ...  RM n *

Polymerization terminates in different ways depending on whether it is radical or
ionic. For radical polymerization, there are two mechanism of termination,
recombination and disproportionation. In recombination two active polymer chains
merge together by joining their radicals whereas in disproportionation one proton is
transferred from the hydrogen donor radical to the acceptor radical. Practically, the
one radical cancels the other without the need of joining together. In some cases a
third way of termination can be observed, occlusion, where free radicals become
“trapped” within a solidified polymer[16]. If this happens, reaction sites remain
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available but can not react with other monomers or polymers as a result of the limited
mobility into the polymer network. Eventually, they tend to react with oxygen or
another reactive species that diffuses into the occluded region. However, this may
cause further problems like aging or changes in mechanical properties of cured parts.
For ionic polymerization, termination occurs with ionic rearrangement or chain
transfer mechanisms. The first mechanism refers to the transfer of a proton (H+) to the
counterion from the macrocation/macroanion. As for chain transfer, a monomer
receives a proton with a counterion and forms a polymer with low molecular weight.
In comparison with radical polymerization, cationic presents four basic features[15]
•
•
•
•

low curing speed
lower viscosity
small shrinkage after polymerization
severe post-irradiation dark polymerization

Plus, sometimes it is required extra thermal process for high efficiency in monomers
conversion. All of these characteristics must be considered when choosing the
appropriate material.
Overall, the photopolymerization steps for radical polymerization are depicted
below
ħv

Photolysis

PI  PI *  R *

Initiation

R *+ M  RM *

Propagation

RM *  RMM * ...  RM n *

Termination

RM n *+ RM m *  RM n+ m R

+M

RM n *+ RM m *  RM n + RM m

(Recombination)
(Disproportionation)
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2 Beam Shaping
2.1 Phase Masks
Usually, laser beams that are used in optical lithography must be altered in order to
gain unique qualities, useful when forming solid structures. This alteration includes
changes in amplitude (or irradiance) and phase of the chosen beam because of the
fact that almost all of the common used light fields contain not only amplitude but
phase terms, too. Amplitude corresponds to brightness or intensity of the laser beam
whereas phase corresponds to the shape of the transmitted wave. Phase modulation
technology is an extremely important process as it defines the way that the shaped
beam will propagate but it can, also, be used for both coherent and incoherent
beams[17]. So, for example, a typical Gaussian beam profile can be transformed into
Bessel beam profile after the appropriate phase modulation.
One way to achieve these changes in the beam profile is by creating a phase mask.
Masks can be described as images or holograms that, nowadays, are produced after
the writing and the execution of an appropriate code (Computer Generated
Holograms - CGHs) which is built based on the desired beam profile. Typical phase
masks consist of n by m pixels, which means there are m rows pixels and each row
has n pixels[18]. CGHs have the advantage that the patterns that must be displayed do
not have to exist in the real world[19].

2.1.1 Designing of the Masks
When a beam passes throught the mask, phase and amplitude modulation occurs
resulting in a different geometry of the laser beam profile. Most modern devices, such
as Spatial Light Modulators (SLMs), use phase-only masks, but there are techniques
to convert from a phase-only device response to a full amplitude-phase response
(complex amplitude modulation). The basic step of complex amplitude modulation is
to trace the equation that best describes the optical field of the beam before and after
modulation and then trace the transfer function of the optical element that will
execute the change between the two optical fields. For example, considering a typical
optical field u=u0 eiφ that must be transformed into a second one u΄=u0΄eiφ΄, the transfer
function of the phase mask will be given by

u  u 0 i(φ −φ)
t= = e
u u0


where u0, u0΄ the amplitudes and φ, φ΄ the phases of optical fields. If the coded mask
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gains the desired phase then it will, also, gain the transfer function’s expected
properties[20].
In most complex modulation approaches, a high spatial frequency is added to the
field in order to produce the desired amplitude and phase. The undesired light can be
filtered and it is found in the higher diffraction orders as a result of the fact that the
spatial frequency is high. To provide a better description, consider the complex plane
diagrams below (fig. 2.1). It is possible to realize any position on the unit circle in the
complex plane because these are phase-only values and therefore “allowed” by the
SLM. The effect of beating between two such values at positions A and B is to
produce a new amplitude and phase that is not on the unit circle, i.e., a non-unit
amplitude with any desired phase[20].
iφ +iα

A=e
B=e

iφ−iα

with t=cos(α )

Figure 2.1: A pure phase modulation is equivalent to tracing a
unit circle in the complex plane. To introduce amplitude
modulation, the radius of the circle must be allowed to take on
values of <1. This is equivalent to moving off the unit circle to
any point inside the unit circle. One example would be to
modulate between two points on the circle (A and B).The
result of which would be a point inside the circle (star).[20]
Since the hologram is a complex function, the main idea is to devise a binary pattern
to approximate the complex hologram. The construction of the mask starts by
dividing the area of the hologram into an array of unit cells (pixels) with the size of
each cell being w×w (fig. 2.2). If we suppose that phase and amplitude within any
cell vary slowly, cells can be replaced by an array of point sources[19].
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For phase-only masks amplitude can be ignored. So, only phase must be extracted
and then produce a gray-tone pattern, whose gray-level is proportional to the phase.
The final pattern will have a checkerboard-like form of phases A-B, B-A, and so on.
Then, the pattern can be displayed on a phase-only spatial light modulator in order to
produce the desired beam.

Figure 2.2: Complex phase mask (hologram) devided
into unit cells.[19]
Practically, the phase is equal with the length of the optical path that a beam follows
during its interaction with an optical medium. This is obvious if we take into
consideration the function
Ψ (r , t )=u 0 e

i(kr −ωt)

i(

=u0 e

2π
nz−ωt)
λ0

, k≡n

2π ^
k
λ0

of a harmonic plane wave that propagates along z axis ( k^ = ^z ), where u0 is the
wave's amplitude, k is the wave vector normal to the wavefront and n is the refractive
index and λ0 the wavelength of the wave[21]. The term (kr-ωt) refers to the phase of
the wave. Thus, during the designing of the masks, it is easy to control the shape of
the wavefront by spatially controlling the optical path delay of each point in the
wavefront. In a phase mask that is translated into pixel by pixel control of the optical
path delay.

2.1.2 Fourier Transform Method
In the previous part, we saw that phase modulation takes place after the tracing of an
appropriate transfer function. It is important to mention that this function is a result of
the Fourier transform method. Fourier transform method originates from Fourier
optics where Fourier transforms are applied in classical optics. Fourier optics
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consider every light wave as a total of harmonic components, i.e a number of
harmonic waves that are added together. Given that, Fourier transform allows the
decomposition of a complex signal into elementary signals but at the same time uses
linear systems to study the propagation of a light wave. To be precise, harmonic
approach is used to signal analyzation but linearity is used for diffraction and
imaging. In addition, in a linear system a given input maps into a unique
output[22,23]. Generally, the Fourier transform is a very useful mathematical tool for
the study of both linear and nonlinear phenomena where the propagation of the
optical field is considered as a process of linear transformation of the “object” field to
the “image” field. For a function g of two independent variables x, y the Fourier
transform is given by[22]
∞

Ƒ {g}=∬ g( x , y)exp[− j2 π (f x x + f y y )]dxdy
−∞

The transformed function is a complex function of two independent variables fx,fy. To
provide a better understanding of Fourier transform, it would be best suited to use an
example, that of an ideal thin lens.
A lens is made from an optically dense material where the phase velocity of a wave
is less than the velocity in air. An ideal thin lens is a phase object, meaning that when
light passes through this only phase will be affected. When a ray enters in thin lens at
coordinates (x, y) on one face is assumed to exit at approximately the same
coordinates on the opposite face. A thin lens manages to delay the incident wavefront
in a way proportional to the thickness of the lens at each point[19,22,24]. For an ideal
converging lens, assuming that the lens is of infinite extent, the phase function is
given by[19,22]
t f (x , y )=exp [

jk 0 2 2
( x + y )]
2f

where f is the focal length. This phase function is easily obtained if we further
examine the case of a thin lens (fig. 2.3).

Figure 2.3: Front and side view of thin lens.[22]
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As shown in figure (2.3), the maximum thickness of the lens is Δ0 and the thickness
at coordinates (x, y) is Δ(x, y). The total phase delay of the wave at coordinates (x, y)
is given by
φ( x , y)=k n Δ( x , y)+k [ Δ0− Δ(x , y)]

where n is the refractive index of the lens, knΔ(x, y) is the phase delay because of the
lens and k[Δ0-Δ(x, y)] is the phase delay because of the free space between the two
planes. Then, the phase transformation of the lens can be written
t f (x , y )=exp [ jkΔ0 ]exp[ jk (n−1) Δ (x , y )]

In this point, the lens can be split into three parts (fig. 2.4) and the total thickness
function will be the sum of them. In figure (2.4), we assume that rays travel from left
to right, each convex surface encountered have a positive radius of curvature and
each concave surface ihave a negative radius of curvature, i.e R1>0 and R2<0.

Figure 2.4: Calculation of the thickness function
using a) geometry for Δ01 b) geometry for Δ02
c) geometry for Δ03.[22]

Based on figure (2.4), the total thickness function equals
Δ (x , y )=Δ 1( x , y)+ Δ 2 ( x , y )+ Δ3 (x , y)

and geometrically the thickness functions Δ1, Δ2, Δ3 are

√

Δ 1(x , y)=Δ01−( R1−√ R12−x 2− y 2)=Δ01−R1 (1− 1−

x2 + y2
)
2
R1
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Δ 2=Δ 02

√

Δ 3( x , y)=Δ 03−(−R2− √ R22−x 2− y 2 )=Δ 03+ R 2( 1− 1−

x2 + y2
)
R 22

If we replace Δ1 ,Δ2 ,Δ3 into the total thickness function

√

Δ ( x , y )=Δ 0−R1 (1− 1−

√

x 2+ y 2
x2 + y2
)+
R
(1−
1−
)
2
R12
R 22

where Δ0= Δ01 + Δ02 + Δ03
Using the paraxial approximation, we simplify the thickness function
Δ ( x , y )=Δ 0−

x2+ y2 1
1
( − )
2
R1 R 2

assuming that the values of x, y are small enough to allow the following
approximation

√
√

x2+ y2
x2 + y 2
1−
≃1−
R 12
2 R 12

1−

x2+ y2
x2 + y 2
≃1−
2
2
R2
2 R2

Combining the phase transformation function tf (x,y) with the simplified thickness
function we obtain
t f ( x , y )=exp [ jkΔ0 ]exp[− jk (n−1)

x2 + y2 1
1
( − )]
2
R1 R 2

However, the focal length f is given by
1
1
1
=(n−1)( − )
f
R 1 R2

and the phase function, neglecting the constant phase factor, is written
t f (x , y )=exp [

jk 0 2 2
( x + y )]
2f
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For an incident plane wave with amplitude A and z=f, the field distribution in the
back focal plane is calculated using Fresnel diffraction formula which is[19]
Ψ p (x , y ; z)=exp(− jk 0 z)

jk 0
− jk 0 2 2
− jk 0 2 2
exp[
( x + y )]× Ƒ {Ψ p 0 ( x , y) exp [
( x + y )]} k x
2 πz
2z
2z
k =
,k

y

=

k0 y
z

y

=

k0 y
f

0

x

z

So, for ideal thin lens
Ψ p ( x , y ; f )=exp(− jk 0 f )

jk 0
− jk 0 2 2
− jk 0 2 2
exp[
( x + y )]× Ƒ {Ψ p 0 ( x , y )exp [
( x + y )]} k x
2 πf
2f
2f
k=
,k
f
0

x

where
Ψ p 0 (x , y )= A×t( x , y)

The function t(x,y) is called transparency function of the aperture and in this case is
equal with the phase function of the lens tf (x,y)
Ψ p 0 (x , y )= A×t (x , y)=A×t f ( x , y)

Now, the field distribution away from the lens is given by

Ψ p ( x , y ; f )=exp(− jk0 f )

jk 0
− jk 0 2 2
jk
− jk 0 2 2
exp[
( x + y )]× Ƒ {A exp[ 0 (x 2+ y 2)]exp[
(x + y )]} k x
2 πf
2f
2f
2f
k=
,k
f
0

x

It is obvious that the phase function cancels out the phase function of Fresnel
diffraction giving the Fourier transform of constant A proportional to a delta function,
δ(x, y), which is consistent with the geometrical optics which states that all input rays
parallel to the optical axis converge behind the lens to a point called the back focal
point. The discussion thus far in a sense justifies the functional form of the phase
function of the lens, tf (x, y)[19].

Figure 2.5: Ideal thin lens used for
Fourier transform.[19]
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y

=

k0 y
f

We can further extent the analysis of Fourier transform for finding the field
distribution in the back focal plane in the case of a transparency t(x, y) that is located
in the front focal plane of an ideal lens (fig. 2.5). Immediately after the transparency,
the field of the plane wave is given by 1×t(x, y). As the field continues to propagate,
Fresnel diffraction occurs resulting in a diffracted field immediately in front of the
lens which will have the form
t( x , y)∗h( x , y ; f )

where h(x, y; f) is known as spatial impulse response in Fourier optics. After the lens,
the field is given by
[t ( x , y )∗h(x , y ; f )]×t f ( x , y )

At the back focal plane for distance f, the field is calculated again through Fresnel
diffraction formula and is equal to
Ψ p (x , y )={[t (x , y )∗h(x , y ; f )] t f ( x , y)}∗h(x , y ; f )

Neglecting, again, the constants
Ψ p (x , y )= Ƒ {t ( x , y )}

k x
k y
k x = 0 ,k y = 0
f
f

=T (

k0 x k0 y
,
)
f
f

The term T(k0x/f, k0y/f) is the Fourier transform of t(x, y). It is obvious that at the
back focal plane the Fourier transform is the same as the Fourier transform of the
‘input’ signal, t(x, y). That leads to the conclusion that ideal thin lens is indeed an
optical Fourier transformer.
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2.2 4f Optical Imaging System

Figure 2.6: Typical 4f optical imaging system.[25]

4f optical or canonical imaging system (fig. 2.6) is an important imaging system able
to perform Fourier transform. It consists of two lenses and a phase mask that is
placed one focal length behind the first lens or one focal length in front of the second
one[25]. Analytically, in figure (2.6), we assume that a plane wave travels from left to
right meeting a transparency at the input plane. The transparency is located one focal
length in front of the first lens (input plane) and contains a function, g(x, y) that leads
the plane wave to experience phase and amplitude modulation as a response to the
Fourier transform of the function, g(x, y). The transformed field t(x, y) then forms an
initial ‘image’ at the distance of one focal length behind the first lens (transform
plane) where the Fourier transform of g(x,y) is g΄(kx, ky). Masking filters can be
placed at the transform plane as they allow to make frequency filtering and remove
some lines, shapes or contours from origin image in order to obtain a new modified
image. The phase mask that is placed at the transform plane is built so that it contains
the product of Fourier transform, t΄(kx, ky), for the transformed field. After the
transform plane, the field can be expressed by the relation g΄(kx, ky) × t΄(kx, ky) and
the Fourier transform of this field is reconstructed at the back focal plane of the
second lens (image plane). It is worth noting that for 4f system the transfer function
that was mentioned in a previous part is in fact the function t΄(kx, ky) of the phase
mask[19,25,26]. Overall, the process can be described as two Fourier transforming
procedures and a correlation between g(x, y) and t(x, y) that lead to an inverted image
of the initial object, i.e the transparency.
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2.3 Spatial Light Modulator
In part (2.1.1), we referred to Spatial Light Modulator (SLM) as a modern device
that is used to upload phase masks. In reality, SLMs can be described as devices able
to alter the properties of the incident light including phase, amplitude and
polarization. They are usually computer controlled and after the appropriate
programming operations can take the place of conventional optical elements, such as
lens or filters. As a beam converter, SLM is usually placed at the back focal plane of
a Fourier transforming lens[20,22,27].
The input information of the SLM can be represented both by electrical signal and
optical image[22]. In the former case, electrical signals directly drive the device in
such a way to control its spatial distribution of absorption or phase shift. In the latter
case, the information may be input to the SLM in the form of an optical image at the
start rather than in electrical form. Often, a SLM device may have two different
forms, one suitable for electrical and one suitable for optical addressing.
Liquid Crystals (LC) are the main component of SLMs and their ability to convert
light is a result of LC properties[20]. Liquid Crystals are found in an intermediate
state between solid and liquid phases and they consist of rod-like organic molecules
with properties from both liquids and solids. When appropriate conditions are applied
LCs align to preferred direction but a certain degree of motion is allowed. In addition,
their elliptical shape allows them to form dipoles resulting in easy control under
external stimuli. So, SLM is a pixelated display that consists of cells filled with LC
that are externally controlled.
One widely used type of SLM is the Liquid Crystal on Silicon-SLM (LcoS-SLM). In
a LcoS-SLM, liquid crystals are covered in one side by a transparent alignment film,
following a transparent electrode layer and a flat glass substrate. On the other side,
there is, also, a transparent alignment film and a mirror. The mirror is then covered by
pixelated metal electrodes powered by an active matrix circuit that gives them the
ability to control LCs at each pixel. Below the pixelated metal electrodes lies a silicon
substrate (fig. 2.7)[20,28].

Figure 2.7: Basic components and operation of Liquid Crystal on Silicon-Spatial
Light Modulator (LCoS-SLM).[28]
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The basic mechanism of action of a SLM device involves the phase modulation of
the incident beam according to the alignment of the LC[20,22]. Liquid Crystals are
externally controlled via a computer that sends signals to pixelated electrodes. This
direct conversion of the signals into a spatial distribution of optical informations is
used to encode the phase of the incident beam. In other words, when voltage is
applied in electrodes, LC dipoles change polarization leading to phase modulation.
For a given applied voltage, LCs molecules tend to rotate by a predefined angle,
forming a birefringent-like material for a particular orientation of incoming polarized
light. That means that they develop different refractive indices according to
polarization.
The voltage, and hence the phase shift, are calibrated using grayscale images
(usually 8-bit encoding, allowing 256 colors), i.e phase masks. In this way, each gray
level is directly associated with a discrete increment of the phase from 0 (black) to 2π
(white), and a linear relation for the intermediate values. Therefore, 2π/256 phase
increments can be encoded at each pixel on the LC display by displaying an 8-bit
(256) pixelated image, which can easily be generated using computer software[20].
So, all of these characteristics explain how SLMs can easily modify the properties of
an incident bean and why a great interest around their technological developments
has been awaken.

3. Multibeam Interference
3.1 Theoretical background
Multibeam Interference (MBI) is perceived as the superposition of N (> 2) optical
field strengths[29,30], i.e two or more beams that interfere with each other. To
simplify the description of the process under MBI occurs, we can use the classic case
in which two beams interfere with each other[31]. According to electromagnetic
theory each beam in its simplest form can be described as an electromagnetic plane
wave. If the waves propagate in the same material with the same angular frequency
ω, their electric field is given by
E1 (r , t)=R e ( E01 ei (k r −ωt) )
1

E2 (r , t)=R e ( E02 ei (k r −ωt) )
2

where k1,k2 are the wave vectors and E01,E02 are the complex electric field amplitude
vectors. The intensities of the plane waves are equal to the square of the field strength
I 1 =|E01|2
I 2 =|E02|2

20

When the beams interfere, we can apply the principle of superposition that states that
at any given point in space the total electric field is the sum of the electric fields of
the individual plane waves. Thus,
i (k1 r −ωt)

ET ( r ,t )=E1 (r , t)+ E2 (r , t)=R e ( E01 e

)+ R e( E 02 e

i(k 2 r−ωt )

)=R e [(E 01 e

ik1 r

+ E 02 e

ik2 r

−iωt

)e

]

The term A(r)=(E01 ei k1 r + E02 ei k2 r) is the amplitude of the resultant wave and its
intensity is given by
2

ik 1 r

I ( r)=|A( r)| =A (r ) A *(r )=(E01 e

−ik 1r

ik 2 r

+ E02 e )( E *01 e

−ik 2 r

+ E*02 e

)⇒

I (r)=|E01|2 +|E02|2 +2 R e ( E01 E*02) cos [(k 1−k 2)r ]−2 I m(E 01 E*02)sin [(k 1−k 2 ) r ]

where Re and Im are the real and the imaginary part of the intensity distribution.
So, the intensity equation proves that the total intensity differs from the sum I1 + I2 as
it includes two additional interference terms. Moreover, the existence of these terms
causes the intensity I to depend on position r and leads to a non-homogeneous energy
distribution in space because there are regions where the intensity is larger than I1 + I2
but, also, regions where its value is less than that. Note that despite the nonhomogeneous energy distribution, the energy is conserved as the spatial average
intensity is I1 + I2. Homogeneous energy distribution is achieved when the wave
vectors k1 and k2 are collinear meaning that k1-k2=0. As a consequence, interference is
observed only if the directions of propagation of the waves (k1 and k2) are noncollinear. In addition, the electric field amplitude vectors for each plane wave must
not be perpendicular so that the dot product E01·E*02 differs from zero.
In this point, we can use a little more complicated case where two linearly polarized
electromagnetic plane waves propagate simultaneously at right angles in the same
material with wavelength λ[31]. Their electric field is given by
E1 (r , t)=R e ( E01 n^1 e

i(k 1 r−ωt )

)

i (k 2 r −ωt)

E2 (r , t)=R e ( E02 n^2 e

)

2π
2π
iφ
where E01=1 e , n^1=^z =(0,0,1), k 1 = λ ^x =( λ , 0,0)
1

E02=1 ei φ ,
2

n^2= z^ =(0,0,1), k 1 =

2π
2π
^y =(0 ,
, 0)
λ
λ
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Electric field equations are now transformed into
E1 (r , t)=1 cos(

2π
x−ωt +φ1 ) z^
λ

E2 (r , t)=1 cos(

2π
y−ωt + φ2) ^z
λ

The total electric field after the superposition of the plane waves is

ET (r ,t )=1cos (

2π
2π
x−ωt+ φ1) ^z +1cos (
y−ωt +φ2 ) ^z
λ
λ

The same principles that we mentioned above about homogeneous and nonhomogeneous distribution are, also, applied in this case. That means that if the plane
waves were about to propagate separately, the intensity of each wave would be
homogeneously distributed in space. However, when interference occurs in a region
of space there is non-homogeneous intensity distribution.
Following the same steps as above, the intensity I(r) of the total wave is
2

2

I ( r)=1 +1 +2 cos(φ1 – φ2 ) cos[

2π
2π
( x− y)]−2 sin(φ1 – φ 2) sin[
( x− y)]⇒
λ
λ

I ( r)=2+ 2cos [

2π
( x − y)+φ 1−φ2 ]
λ

If this intensity distribution is applied in a photosensitive material it will produce a
periodic pattern because of the fact that the interference of the two waves leads to the
generation of one-dimension periodic spatial distribution of the intensity that varies
along a single direction. Hence, multi-beam interference is an extremely interesting
tool for the science of lithography as it will be extensively explained in part (3.3).

3.2 fs Laser Pulses in Multi-beam Interference
Before we continue to analyze the principles that are applied in MBI and lead to
multi-beam interference lithography, we must mention that in the experimental part
of this thesis a femtosecond (fs) laser is going to be employed. The interaction of a
femtosecond laser with materials is a complex and ultrafast nonlinear process with
many advantages over other lithography techniques[32,36].
Femtosecond laser fabrication is a practical technology for the processing of
materials and the attempt to produce as fine as possible patterns though
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photo-polymerization. The main advantages of this technology are summed up in low
thermal effects affecting the interaction region and subsequent high precision.
Moreover, the technique is efficiently applied on a large variety of materials
(polymers, metals etc.) due to a strong confinement of energy and nonlinear localized
ablation [32,33]. More precisely, lasers operating with fs pulses tend to impose
extreme conditions in the interaction with target materials because of the ultrashort
temporal scales (~10−15 s) and the high energy density and they can, also, be focused
into nanometer spatial dimensions (~10−9 m). These characteristics, make
femtosecond lasers perfect candidates for the processing of, almost, any material
offering high quality, high precision, and the ability of three dimensional complex
structure fabrication[32].
Based on the type of the material, femtosecond lasers cause different phenomena.
For example, metallic materials have a large number of free electrons. So, when a
femtosecond laser interacts with metallic materials, free electrons tend to absorb
photon energy and are heated. Colliding with each other, energy transfer occurs and
the consequence is the lattice to be heated. That is a result of the fact that the number
of the heated electrons that interact with each other increases. After the lattice is
heated, the material will undergo phase transition at the pico-second (10−12 s) to tens
of nanoseconds (10−8 s) scale, resulting in microsecond- to millisecond-scale
plasma[32]. Nonmetallic materials do not have a large number of free electrons. Most
electrons are bound in the valance band, because of which the femtosecond laser
ablation mechanism of nonmetallic materials is different from that of metallic
materials. Femtosecond laser processing of nonmetallic materials is mainly divided
into two parts. The first part is the ionization, which involves the photo-ionization
and impact ionization mechanisms that are explained in part (1.2) of this thesis. The
second part is the phase change. After the first part of ionization and electron heating,
a large number of free electrons accumulate inside the material and it gains metallic
characteristics. Then, there is possibility that the interaction of free electrons with the
lattice will cause a phase change. The phase-transition mechanisms include both
thermal and nonthermal phase transitions (Coulomb explosions and electrostatic
ablation). In thermal transitions, lattice temperature overcomes the melting point and
the exposed to femtosecond pulses region of the material melts. For nonthermal phase
transition plasma expansion is observed. In this case, the ionization of free electrons
inside the material under the radiation of a femtosecond laser causes the plasma
density to rapidly increase and the plasma oscillation frequency gradually approaches
the laser frequency.
Traditional fabrication methods are time consuming and limited within low accuracy.
However, the nonlinear (multiphoton etc.) absorption of a femtosecond laser
overcomes these limitations ensuring high accuracy. Furthermore, femtosecond lasers
are responsible for the improvement of the quality of fabrication as a result of the
nonequilibrium (interelectron nonequilibrium, electronto- lattice nonequilibrium etc.)
absorption and nonthermal phase transitions (Coulomb explosion, electrostatic
stripping, etc.). In other words, they can minimize heat-affected zones, cracks, and
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recast layers which greatly improves the quality of the processed material. Note that
no mask, vacuum, or reactive gas environment is necessarily needed in femtosecond
laser fabrication. What is more, the process generates low amounts of waste
compared with traditional methods and does not cause pollution[32].
As a result of all the above, femtosecond lasers have led to the development of new
manufacturing concepts, principles, methods, and techniques, which support a large
number of manufacturing applications. Meanwhile, traditional manufacturing
mechanisms, that are determined by laser–electron interactions, differ from the
mechanisms of femtosecond laser fabrication, including phase change and material
removal[32]. Overall, it should be highlighted that the application of femtosecond
laser fabrication is subject to various restrictions due to its low processing efficiency,
triggering a strong effort into defining parallel processing technologies. On the other
hand, femtosecond laser interference lithography has the capability of single-step
generation of precise microstructure patterns in large dimensions, which offers a
parallel processing method of proven high efficiency[33,36].

3.3 Multibeam Interference Lithography
Previously, we mentioned that interference is the superposition of N (> 2) optical
waves that are present simultaneously in the same region of space. When these waves
interfere, they generate a periodic spatial modulation of light. Specifically, multiple
overlapping beams are the reason behind the generation of an interference pattern
with a periodic intensity similar to the periodic function used to represent the
structure. For a given number on N interfering beams the total intensity distribution
field can be described by a Fourier superposition as the one given below
N

N

I =∑ |Ei| + ∑ Ei *⋅E j exp [i {( k j −k i )r +(φ j−φ i)}]
i=1

2

i> j=1

where r is the position vector, Ei, ki and φi are the complex amplitude, wave vector,
and phase of the ith beam, respectively. The difference between two of the wave
vectors, (ki- kj), where i, j = 1, 2,..., N and i < j, determines the spatial periodicity, or
the translational symmetry of the interference pattern. This results in a periodic
structure whose geometry depends on the beam parameters. The geometry of the unit
cell within the periodic pattern further defines the space group symmetry and is
determined by the amplitude and polarization of the individual beams[34,35]. The
points in the photoresist that are exposed to the beams are chemically altered, as it
was described in parts (1.1.1) and (1.2) of this thesis, and depending on the type of
photoresist they either become less soluble or more soluble as compared to the
unexposed regions[34].
Amplitude, polarization, and phase of each beam control the contrast of interference
pattern. Individual beam control can be done by means of phase masks, prisms or
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polarization beam splitter cubes and wave plates. The overall symmetry and contrast
of the resulting lattice is determined by the combination of these parameters. The
translational periodicity together with the space group symmetry of the periodic
patterns created by MBI determine the geometry of the individual lattice points, or
motifs. In some cases, the motif geometry plays a significant role in the performance
characteristics of a device fabricated using MBI. Multi-beam interference was used
for numerous applications but, recently, it has been integrated with lithography to
produce periodic structures with sub-micron resolution[34,35].
Research is mainly focused to the analytical design and production of motifs with 2D
geometries that vary in shape. To achieve that, the maximization of the absolute
contrast of the interference pattern is required after the appropriate selection of
individual beam amplitudes, polarizations, and phases. Another important factor that
is taken into account during the process of Multi-Beam Interference Lithography is
the dosage of the applied energy. The dosage refers to the total amount of energy of
the beams received per unit area per unit time by the photoresist. A great amount of
energy or, at the opposite, too little energy can cause the structures to be monocontinuous destroying the desired sample[34].
Altogether, Multi-Beam Interference Lithography is a rapid technique that is capable
of producing large format defect-free periodic structures. It is capable of
manufacturing structures with sub-micron resolution using exposure times on the
order of a few seconds. Being a cost-effective technique, it has found numerous
applications in photonics, phononics, bioengineering, microfluidics, smart materials
etc. It can be combined with several other lithographic techniques as a two-step
process like electron-beam lithography, focused ion beam lithography, direct laser
writing, projection lithography, or multi-photon polymerization to produce
customized devices with added functionalities[34,35]. These techniques are not
relevant with the purposes of this thesis so they are not further explained.

3.4 Expected Interference Patterns
The type and the quality of the interference patterns that will be produced during a
Multi-Beam Interference process are directly connected with the number of the
beams that will interfere with each other. After the overlapping of the beams, the
system is no longer represented by a simple E1(r,t) function. Instead, a new Fourier
superposition takes place creating a periodic intensity function. In Multi-Beam
Interference Lithography, the spatial distribution of energy from the overlapping
beams is recorded on a substrate coated with a photo-sensitive material or
photoresist[34]. Interference among any N (< 4) collimated, coherent laser beams
produces an intensity grating with (N-1) dimensional periodicity if the difference
between the wave vectors is non-coplanar. As a consequence, two interfering beams
form a 1D fringe pattern, three interfering beams form a 2D pattern, and so on.
Increasingly complex designs are realized as the number of interfering beams
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increases and elliptical or circular beam polarizations are considered[35]. In the
following figures, the expectable interference pattern for two, three, four and five
beams are presented.

3.4.1 Two Beams
The cosine term in intensity function for two beam interference describes a periodic
intensity function that when it is recorded on a substrate forms fringes at the incident
plane. That is shown in (fig. 3.1), where two linear polarized beams, with wavelength
λ, polarization vectors êi and wavevectors ki, interfere at an angle θ and form fringes

Figure 3.1: Two Beam Interference.[29]
at the x-y plane. It is, also, given that the periodicity between fringes can be
calculated using the expression[29]
Λ2=

λ
2 sinθ

3.4.2 Three Beams
Three beam interference (fig. 3.2 a) forms a more complex design, that depending on
the way of the interaction, it is described as a square lattice with p4m (fig. 3.2 e) or
cmm (fig. 3.2 f) plane group symmetry. Each beam pair (b), (c), (d) forms a 1D
interference fringe pattern and the combination between them leads to the creation of
the square lattice symmetries. Specifically, the result of the combination between
pairs (b), (c) is the p4m symmetry whereas the combination of all pairs together
generates the cmm symmetry. In this case, the periodicity is given by[29]
α = Λ 3=

λ
√ 2 sinθ
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Figure 3.2: Three Beams Interference.[29]

3.4.3 Four Beams
On the issue of four beam interference (fig.3.3 a), the intensity distribution receives a
periodic spot-like form. That causes an interference pattern of the same form with
square lattice symmetry as shown in (fig.3.3 b).

Figure 3.3: a) Four beam interference b) Four
beam interference pattern.[36]
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The periodicity[37, 38] is now equal to
Λ4 =

λ
√2 sinθ

3.4.4 Five Beams
The expected interference pattern for five beam interference (fig. 3.4), when four
symmetrical beams and one central beam interfere with each other, is quite similar to
the interference pattern of three beam interference shown in (fig.3.2 e).

Figure 3.4: Five Beam Interference
The reason behind that fact is the way that these beams interfere. During the
interaction of beams k2, k5, k4 , a 1D fringe pattern is created. This pattern is similar to
the pattern created after the interaction of two beams, just like beams k1 and k3.
Finally, these patterns combined form a square lattice with p4m plane group
symmetry. For five beam interference, periodicity[38] in x-y plane is given by
Λ5 ( x , y)=

λ
sinθ

and along z-axis
Λ5 (z )=

λ
1−cosθ
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4. Experimental Results
4.1 Experimental Interference Patterns
This experimental research for multibeam interference was mainly focused in
studying two, three, four and five beam interference patterns. For this purpose, the
imaging system in (fig. 4.1.a) was firstly used to easily observe if the experimental
patterns were identical with the theoretically expected motifs. A 1030 nm, 200kHz,
176 fs laser beam, produced by a Ti:sapphire PHAROS Femtosecond Laser, incident
to a Hamamatsu LCOS-X10468-2 phase-only reflecting SLM, with the appropriate
phase mask or hologram applied on it, generates the designed distribution at a
specific distance. A 4f optical system composed of a f=300 mm lens and 20×,
N.A=0.4 objective lens is employed in order to further reduce in size the generated
(a)

(b)

Figure 4.1: a) Imaging system used for studying multibeam
interference. Mirror M; Spatial Light Modulator; 4f system
composed of lens f (300 mm) and objective lens (20x, 0.4 N.A);
Objective lens (90x, 1.25 N.A); CCD Cam. b) Processing system
used for studying multibeam interference. Mirrors M; Spatial Light
Modulator; 4f system composed of lens f (300mm) and objective
lens (20x, 0.4 N.A); Photosensitive material (SZ2080) on cover
glass; CCD Cam.
hologram by M~39 times in the x-y plane, so that MPP is achieved. The visualization
of the experimental hologram is achieved by using the imaging system composed of
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an objective lens 90×, N.A=1.25 attached to a charge-coupled device (CCD) camera.
The imaging system is then transformed into the processing system depicted in
(fig.4.1.b) which maintain the characteristics of the imaging system. During the
processing, the 4f optical system reduced the size of the hologram which was targeted
into the volume of the photoresist material (SZ2080). The cover glass with the
photoresist droplet was placed above the objective lens using an Aerotech 3200 nanopositioning stages system. Imaging and processing results are presented below where
each case of multibeam interference is divided into three aliquot cases.

4.1.1 Two Beams
Starting with two beam interference, alteration of the distance between the
interfering beams occurred. Figures 4.2 (a)-4.2 (c) represent the phase masks, the
expected interference patterns given by the designed code and the visualization for
each one of these during the distance modulation process as captured from the CCD
camera. By observing the resultant fringes it is obvious that they are matching with
Code-generated
phase mask
(a)

Code-generated
interference pattern

Visualized phase
mask

Visualized
interference pattern

(b)

(c)

Figure 4.2: Phase mask, interference pattern and visualization results for a)
two interfering beams at distance 38.77 μm b) two interfering beams at
distance 97.26 μm c) two interfering beams at distance 190.06 μm.
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the theoretically expected pattern presented in (fig.3.1), maintaining the symmetry of
the structure. As the distance between two beams of diameter ~6 μm increases the
periodicity of the fringes tend to decrease. So, for a chosen distance of ~38.8 μm a
fringe-like pattern of periodicity ~50.73 μm and width ~24 μm is produced. When the
same beams are placed in distance ~97.3 μm the fringe-like pattern gains a
periodicity of ~19.28 μm and width ~4.28 μm. The distance is, then, altered in almost
twice the previous distance (~190.05 μm) resulting in a fringe-like pattern where the
fringes are barely distinct.
The next step in interference analysis includes phase (φ) modulation for one of the
interfering beams (circled beam) at a specific distance. This distance was selected to
be equal to ~38.6 μm for two beams of diameter ~7 μm while the visualized phases
are φ=π/6 rad, φ=π/4 rad, φ=π/3 rad, φ=π/2 rad, φ=2π/3 rad, φ=3π/4 rad, φ=5π/6 rad.
(a)

In phase

(b)

φ=π/6 rad

(c)

φ=π/4 rad

(d)

φ=π/3 rad
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(e)

φ=π/2 rad

(f)

φ=2π/3 rad

(g)

φ=3π/4 rad

(h)

φ=5π/6 rad

(i)

φ=π rad

Figure 4.3: Phase mask, interference pattern and visualization results for
two interfering beams at distance 38.6 μm with a) no phase modulation b)
phase φ=π/6 rad c) phase φ=π/4 rad d) phase φ=π/3 rad e) phase φ=π/2
rad f) phase φ=2π/3 rad g) phase φ=3π/4 rad h) phase φ=5π/6 rad i)
phase φ=π rad applied on the left beam.
and φ=π rad. In figures 4.3 (a)-4.3 (i), one can easily notice that by altering the phase
of the beam the overall symmetry remains stable without changes in periodicity or
width of the pattern. As a result, the periodicity of the fringes is equal to ~50 μm and
the width ~19 μm. However, the total pattern alternates between the bright and dark
fringes as phase modulation takes place. Specifically, the fringes seem to transfer
until the bright fringes take the place of the dark fringes.
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In phase

φ=π rad

φ=π/2 rad

Figure 4.4: Depiction of a typical
phase mask with a non modulated
beam and two phase modulated beams
with phases φ=π/2 rad and φ=π rad.

Figure 4.5: Experimental intensity
(amplitude) over distance distributions
(normalized curves) of the phase
modulated and non modulated beam in
phase, for φ=π/2 rad and φ=π rad.

Comparing the intensity distribution of the beams before and after two basic phase
modulations (fig.4.5) it is proven that the phase of the beam affects its intensity. In
this case, phase φ=π/2 rad constitutes an intermediate state between no phase
modulation and phase φ=π rad, where the minimum intensity is observed. This fact is,
also, shown in the depiction of a typical phase mask (fig.4.4) where the nonmodulated bright spot becomes darker as phase changes. Moreover, along z axis the
pattern maintain all of the characteristics that were previously described. In figures
4.6 (a)-4.6 (b), the produced interference patterns at depth 0-60 μm with step 20 μm
for no phase modulation and phase φ=π/2 rad were visualized. Results reveal that in
each case the expected motifs remain intact with minor width changes. On the other
hand, when phase φ=π/2 rad is applied a major intensity decrease is noticed between
the depth of 40 μm and 60 μm meaning that the interference effect starts to weaken at
this point.
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(a) In phase

(b) φ=π/2 rad

Figure 4.6: Comparison of the patterns that are produced at depth 0 to 60 μm
from a) non-phase modulated multi-beam intereference lithography and b) multibeam intereference lithography when phase φ=π/2 rad is applied in one beam at
two beam interference.
Adjusting the amplitude (A) of the beam (circled beam) has no major effect at the
symmetry and periodicity of the interference pattern. During the amplitude
modulation, the distance of two beams with diameter ~7 μm was regulated at 29.8 μm
(fig.4.7). A sample of seven amplitude modulations was visualized leading to a
periodic pattern with periodicity 67 μm and maximum width 13 μm. Figures 4.7 (a)4.7 (h) represent the visualized results without amplitude modulation and amplitude
modulation for A´=A/2, A´=A/3, A´=A/4,A´=A/5,A´=A/6, A´=A/10 and A´=A/12.
An important aspect of this case is the fact that the intensity seems to reallocate as
amplitude is altered. That is obvious just by observing the brightness of the fringes in
each sample.
(a)

No modulation

(b)

A´=A/2
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(c)

A´=A/3

(d)

A´=A/4

(e)

A´=A/5

(h)

(f)

A´=A/6

(g)

A´=A/10

A´=A/12

Figure 4.7: a,b,c) Phase mask, interference pattern and visualization results
for two interfering beams at distance 29.8 μm with no amplitude
modulation, amplitude A´=A/2 and amplitude A´=A/3. Interference pattern
and visualization results for amplitude d) A´=A/4 e) A´=A/5 rad
f) A´=A/6 g) A´=A/10 h) A´=A/12 applied on the right beam.

4.1.2 Three Beams
In order to study three beam interference, the distance between the interfering beams
was altered without any more simultaneous modulations. Figures 4.8(a)-4.8(c)
represent the phase masks, the expected interference patterns given by the designed
code and the visualization for each one of these during the distance modulation
process as captured from the CCD camera. It is obvious that the resultant spots are
matching the theoretically expected pattern presented in (fig.3.2 f), maintaining the
cmm symmetry of the structure. The behavior of this interference case is identical
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with the case of two beam interference, meaning that as the distance between these
three beams of diameter ~9.5 μm increases the periodicity of the spots tend to
decrease. So, for a chosen distance of 40 μm a spots-like pattern of periodicity ~56.6
μm and diameter ~8 μm is produced. The same beams are, then, placed in a way so
that the distance between the two upper beams be equal to ~98.2 μm and the distance
between the upper beams and the lower one be equal to 110 μm. The spots´
periodicity is ~22.7 μm and the diameter ~6 μm. Altering the distance so that the
distance between the two upper beams be equal to 193 μm and the distance between
the upper beams and the lower one be equal to 218 μm leads to a spot-like pattern
where the spots are barely distinct.
(a)

(b)

(c)

Figure 4.8: Phase mask, interference pattern and visualization results for a)
three interfering beams at distance 40 μm b) three interfering beams at
distances 98.23 μm (upper beams) and 110 μm (upper beams and lower
one) c) three interfering beams at distances 193 μm (upper beams) and 218
μm (upper beams and lower one).
Following the same steps, phase (φ) modulation occurred for one of the three
interfering beams (circled beam) of diameter ~5.5 μm at a specific distance. This
distance was chosen to be equal to 38.9 μm between the lower beams and 28.4 μm
between the lower beams and the upper one, while the visualized phases are φ=π/6
rad, φ=π/4 rad, φ=π/3 rad, φ=π/2 rad, φ=2π/3 rad, φ=3π/4 rad, φ=5π/6 rad.
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(a)

In phase

(b)

φ=π/6 rad

(c)

φ=π/4 rad

(d)

φ=π/3 rad

(e)

φ=π/2 rad

(f)

φ=2π/3 rad
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(g)

φ=3π/4 rad

(h)

φ=5π/6 rad

(i)

φ=π rad

Figure 4.9: Phase mask, interference pattern and visualization results for
three interfering beams at distances 38.9 μm (lower beams) and 28.4 μm
(lower beams and upper one) with a) no phase modulation b) phase φ=π/6
rad c) phase φ=π/4 rad d) phase φ=π/3 rad e) phase φ=π/2 rad f) phase
φ=2π/3 rad g) phase φ=3π/4 rad h) phase φ=5π/6 rad i) phase φ=π rad
applied on the upper beam.
In figures 4.9 (a)-4.9 (i), the symmetry of the pattern remains stable by altering the
phase of the beam and there are no changes in periodicity or diameter of the pattern.
The main characteristic is the stretched points that are, also, visible in the interference
pattern. As a result, the periodicity of the spots is equal to ~70 μm and the diameter
was calculated to be ~9 μm. However, the total pattern is transferred downwards as
phase changes. This is obvious by carefully observing the movement of each point
from no phase modulation to phase φ=π rad.
Along z axis the periodicity and the diameter of the spots remain intact. In figures
4.10 (a)-4.10 (b), the produced interference patterns at depth 0-60 μm with step 20
μm for no phase modulation and phase φ=π/2 rad were visualized. In higher depths,
the stretched points become round and tend to gain a square lattice symmetry.
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(a) In phase

(b) φ=π/2 rad

Figure 4.10: Comparison of the patterns that are produced at depth 0 to 60 μm
from a) non-phase modulated multi-beam intereference lithography and b) multibeam intereference lithography when phase φ=π/2 rad is applied in one beam at
three beam interference.
When the amplitude (A) of the beam (circled beam) is modulated the symmetry and
periodicity of the interference pattern are affected. During the amplitude modulation,
the distance of three beams with diameter ~6 μm was selected at 28.9 μm for the two
lower beams and 20.4 μm for the lower beams and the upper one (fig.4.11). A sample
of eight amplitude modulations was visualized leading to a periodic pattern that
varies based on the applied amplitude. Figures 4.11 (a)-4.11 (h) represent the
visualized results without amplitude modulation and amplitude modulation for
A´=A/2, A´=A/3, A´=A/4,A´=A/5,A´=A/6, A´=A/10 and A´=A/12. The cmm
symmetry of the original pattern is stable producing spots with periodicity 93 μm and
diameter 9.5 μm.

(a)

No modulation
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(b)

A´=A/2

(c)

A´=A/3

(d)

A´=A/4

(f)

A´=A/6

(e)

A´=A/5

(g)

A´=A/10

(h)

A´=A/12

Figure 4.11: a,b,c) Phase mask, interference pattern and visualization results
for three interfering beams at distance 28.9 μm for the two lower beams and
20.4 μm for the lower beams and the upper one with no amplitude modulation,
amplitude A´=A/2 and amplitude A´=A/3. Interference pattern and visualization
results for amplitude d) A´=A/4 e) A´=A/5 rad f) A´=A/6 g) A´=A/10
h) A´=A/12 applied on the upper beam.
On the flip side, the action of reducing the amplitude at the half of its starting value
generates a motif where spots are further stretched, having a periodicity of 95 μm and
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width 7.5 μm. At greater values, a fringe-like pattern prevails over the spots with
periodicity 65 μm and width 8.2 μm. That is a result of the fact that the interaction
between the two beams of the same amplitude becomes much more powerful as the
amplitude of the upper one decreases forming a two beam interference effect.
Along z axis complex interference patterns are realized. In figures 4.12 (a)-4.12 (b),
the produced patterns at depth 0-160 μm with step 20 μm for no amplitude
modulation and amplitude A´=A/2 were visualized. At greater depth values, the initial
spot-like motifs are transformed into fringes, crosses and more complicated motifs
but without alterations in the original values of periodicity and diameter or width
shown in (fig. 4.12). An interesting fact is that in the case where the amplitude is
(a) No modulation

(b) A´=A/2
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Figure 4.12: Comparison of the patterns that are produced at
depth 0 to 160 μm from a) non-amplitude modulated multi-beam
intereference lithography and b) multi-beam intereference
lithography when amplitude A/2 rad is applied in one beam at
three beam interference.
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equal to A/2 an overlap between two and three beam interference seems to exist. This
is obvious at depths 20-100 μm where the crosses are placed at specific points on a
fringe like pattern.

4.1.3 Four Beams
The procedure of distance alteration was again repeated in the study of four beam
interference. Phase masks, expected interference patterns given by the designed code
and the visualization for each one of these during the distance modulation process as
captured from the CCD camera are depicted in figures 4.13 (a)-4.13 (c).
Comparatively, the spots-like square lattice symmetry predicted in (fig.3.3) is indeed
produced by the imaging system and the distance alteration affects the periodicity of
the patterns the same way that it did in the two previous cases or, in other words,
when the distance between these four beams of diameter ~5 μm increases the
periodicity of the spots tend to decrease. This conclusion grew out of the fact that by
placing the beams at distance 38 μm a spots-like pattern of periodicity ~52.4 μm and
diameter ~11 μm is formed but when the same beams are placed in distance 94.2 μm
the periodicity is equal to ~20 μm and the diameter ~8 μm. Further increase at
distance 191 μm leads to a spot-like pattern where the spots are barely distinct.
(a)

(b)

(c)

Figure 4.13: Phase mask, interference pattern and their visualization results
for a) four interfering beams at distance 38 μm b) four interfering beams at
distance 94.2 μm c) four interfering beams at distance 191 μm.
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The circled beam shown in figures 4.14 (a)-4.14 (i) was phase modulated with phases
φ=π/6 rad, φ=π/4 rad, φ=π/3 rad, φ=π/2 rad, φ=2π/3 rad, φ=3π/4 rad, φ=5π/6 rad, φ=π
rad and each of the four interfering beams with diameter ~5.3 μm was placed at
distance 38.9 μm from its closest neighbor beam. Interference between these four
beams leads to a pattern with spot-like symmetry and stable diameter ~10 μm but
with changes in the periodicity of the spots as phase keeps getting altered. As a matter
of fact, calculations reveal that without any modulation until phase φ=π/2 rad the
periodicity of the pattern equals to ~50 μm. However, when phase getting closer to
φ=π rad the pattern is transformed and gains a periodicity of 34 μm. This new pattern
consist of an overlap of fringes and spots, proving that phase alteration has a major
effect at the interference technique.
(a)

In phase

(b)

φ=π/6 rad

(c)

φ=π/4 rad

(d)

φ=π/3 rad

(e)

φ=π/2 rad
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(f)

φ=2π/3 rad

(g)

φ=3π/4 rad

(h)

φ=5π/6 rad

(i)

φ=π rad

Figure 4.14: Phase mask, interference pattern and their visualization
results for four interfering beams at distances 38.9 μm with a) no phase
modulation b) phase φ=π/6 rad c) phase φ=π/4 rad d) phase φ=π/3 rad e)
phase φ=π/2 rad f) phase φ=2π/3 rad g) phase φ=3π/4 rad h) phase
φ=5π/6 rad i) phase φ=π rad applied on the lower left beam.
It is worth noting that, as described before, interference does not affect only x-y
plane but the z axis, too. Based on that, figures 4.15 (a)-4.15 (b) represent the
produced interference patterns at depth 0-60 μm with step 20 μm for no phase
modulation and phase φ=π/2 rad. The calculations showed that, even though, as we
move deeper into the material different geometries are expected, the structure should
maintain its initial values (presented in fig.4.14) as far as periodicity and diameter are
concerned. Furthermore, an interesting observation is that in the specific phase
modulation at same depth the same patterns are produced. Thus, φ=π/2 rad on the
lower left beam has no advantage oven in phase-beams when structuring in z axis is
needed.
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(a) In phase

(b) φ=π/2 rad

Figure 4.15: Comparison of the patterns that are produced at depth 0 to 60 μm
from a) non-phase modulated multi-beam intereference lithography and b) multibeam intereference lithography when phase φ=π/2 rad is applied in one beam at
four beam interference.
When the amplitude of the beam (circled beam) is modulated the symmetry of the
interference pattern is affected while the periodicity remains stable. Specifically,
during the amplitude modulation, the distance of four beams with diameter ~6 μm
was selected at 29.2 μm. A sample of eight amplitude modulations was, again,
visualized leading to a periodic pattern that varies based on the applied amplitude.
Figures 4.16 (a)-4.16 (h) represent the visualized results without amplitude
modulation and amplitude modulation for A´=A/2, A´=A/3, A´=A/4,A´=A/5,A´=A/6,
A´=A/10 and A´=A/12. The spot-like square lattice symmetry of the original pattern
with periodicity 65 μm and diameter 10 μm remains stable until amplitude A/3 is
applied. If we further reduce the amplitude of the upper left beam (<A/3) a new
pattern tends to be created where the spots are stretched and gain cmm symmetry, just
like in three beam interference. That is a result of the fact that the interaction between
the three beams of the same amplitude becomes much more powerful as the
amplitude of the upper left beam decreases forming a three beam interference effect.
(a)

No modulation
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(b)

A´=A/2

(c)

A´=A/3

(d)

A´=A/4

(f)

A´=A/6

(e)

A´=A/5

(g)

A´=A/10

(h)

A´=A/12

Figure 4.16: a,b,c) Phase mask, interference pattern and visualization
results for four interfering beams at distance 29.2 μm with no amplitude
modulation, amplitude A´=A/2 and amplitude A´=A/3. Interference pattern
and visualization results for amplitude d) A´=A/4 e) A´=A/5 rad f) A´=A/6
g) A´=A/10 h) A´=A/12 applied in the upper left beam.
On these circumstances, there is another way to study how phase or amplitude
alteration affects four beam interference. This way includes alterations in two out of
four beams. Starting with phase modulation, phases φ=π/6 rad, φ=π/4 rad, φ=π/3 rad,
φ=π/2 rad, φ=2π/3 rad, φ=3π/4 rad, φ=5π/6 rad and φ=π rad were applied on the two
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lower beams (circled beams) shown in figures 4.17 (a) - 4.17 (i). The distance and
(a)

In phase

(b)

φ=π/6 rad

(c)

φ=π/4 rad

(d)

φ=π/3 rad

(e)

φ=π/2 rad

(f)

φ=2π/3 rad
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(g)

φ=3π/4 rad

(h)

φ=5π/6 rad

(i)

φ=π rad

Figure 4.17: Phase mask, interference pattern and their visualization
results for four interfering beams at distances 38.9 μm with a) no phase
modulation b) phase φ=π/6 rad c) phase φ=π/4 rad d) phase φ=π/3 rad
e) phase φ=π/2 rad f) phase φ=2π/3 rad g) phase φ=3π/4 rad h) phase
φ=5π/6 rad i) phase φ=π rad applied in the two lower beams.
diameter of the interfering beams are the same as in the previous case of phase
modulation, i.e 38.9 μm and 5.3 μm, respectively. Despite the fact that phase
modulation occurs in two beams simultaneously, the total square lattice symmetry,
the periodicity (equal to 50 μm) and the diameter of the spots (equal to 10 μm)
remain independent of the applied phase. However, the real effect of phase
modulation in the produced motifs is that it forces each spot to be transferred
upwards, altering its position. This can be realized by carefully observing the
movement of each point from no phase modulation to phase φ=π rad.
The two lower beams (circled beams) depicted in figures 4.18 (a)-4.18 (h)
experienced amplitude modulation during the interference process. A sample of eight
amplitude modulations was visualized leading to a periodic pattern that varies based
on the applied amplitude. The selected amplitude reduction values are A´=A/2,
A´=A/3, A´=A/4, A´=A/5, A´=A/6, A´=A/10, A´=A/12 and the distance of the four
beams with diameter ~6 μm was selected at 29.2 μm. Measurements showed that the
distance between each spot/fringe and its closest one (periodicity) is equal to ~65 μm
independently of the applied amplitude. On the other hand, the diameter of the spots
(~ 9 μm) is less that the width of the fringes (11 μm). It is easily perceived that when
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the amplitude is reduced in values greater than the one third of the initial value a
fringe like pattern starts to form. That is a result of the fact that the interaction
between the two beams of the same amplitude becomes much more powerful as the
amplitude of the lower beams decreases forming a two beam interference effect.
(a)

No modulation

(b)

A´=A/2

(c)

A´=A/3

(d)

A´=A/4

(f)

A´=A/6

(e)

A´=A/5

(g)

A´=A/10
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(h)

A´=A/12

Figure 4.18: a,b,c) Phase mask, interference pattern and visualization
results for four interfering beams at distance 29.2 μm with no amplitude
modulation, amplitude A´=A/2 and amplitude A´=A/3. Interference pattern
and visualization results for amplitude d) A´=A/4 e) A´=A/5 rad f) A´=A/6
g) A´=A/10 h) A´=A/12 applied in the two lower beams.

4.1.4 Five Beams
In the final step of the imaging process, the effect of distance alteration in the
behavior of five beam interference was studied. Phase masks, expected interference
patterns given by the designed code and the visualization for each one of these during
the distance modulation process, as captured from the CCD camera, are presented
below, in figures 4.19 (a)-4.19 (c). The p4m symmetry that was previously described
in (fig.3.4) is indeed produced by the imaging system and the distance alteration
affects the periodicity of the patterns the same way that it did in the previous cases,
leading to the conclusion that, generally, in order to achieve low values of periodicity
we have to increase the distance between the interfering beams, and vice versa. In
this case, four beams of diameter 6.5 μm are equally placed at a specific distance of
28 μm from a central one with the same diameter. Measurements in the interference
pattern show that the distance between two successive spots (periodicity) is equal to
71 μm while the diameter is 10 μm. Placing the beam at distance 69 μm from the
central one, results in an interference pattern with p4m symmetry but with lower
periodicity (35 μm) and spot diameter (6 μm). Further increase at distance 139 μm
leads to a spot-like pattern where the spots are barely distinct.
(a)
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(b)

(c)

Figure 4.19: Phase mask, interference pattern and their visualization results
for a) five interfering beams at distance 28 μm b) five interfering beams at
distance 69 μm c) five interfering beams at distance 139 μm.
The central beam (circled beam) shown in figures 4.20 (a)-4.20 (i) was phase
modulated with phases φ=π/6 rad, φ=π/4 rad, φ=π/3 rad, φ=π/2 rad, φ=2π/3 rad,
φ=3π/4 rad, φ=5π/6 rad, φ=π rad and each of the interfering beams with diameter 6
μm was placed at distance 28.9 μm from the central beam. The produced patterns
form a p4m symmetry where the periodicity of the spots is equal to 50 μm and the
diameter is equal to 9.5 μm, independently of the phase alteration. Even though, the
main characteristics of the patterns remain constant, a major alteration at the
brightness of each point in the code-generated interference pattern is observed.
Specifically, as phase keep changing from no phase modulation to φ=π rad the initial
bright points in the code-generated interference pattern are transformed into less
bright points, and vice versa. This is, also, translated into the imaging system
interference pattern and can be noticed by comparing each point without phase
modulation with the same point when phase φ=π rad is applied.

(a)

In phase
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(b)

φ=π/6 rad

(c)

φ=π/4 rad

(d)

φ=π/3 rad

(e)

φ=π/2 rad

(f)

φ=2π/3 rad

(g)

φ=3π/4 rad
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(h)

φ=5π/6 rad

(i)

φ=π rad

Figure 4.20: Phase mask, interference pattern and their visualization results
for five interfering beams at distances 28.9 μm with a) no phase modulation
b) phase φ=π/6 rad c) phase φ=π/4 rad d) phase φ=π/3 rad e) phase φ=π/2
rad f) phase φ=2π/3 rad g) phase φ=3π/4 rad h) phase φ=5π/6 rad i) phase
φ=π rad applied in the central beam.
The central beam (circled beam) depicted in figures 4.21 (a)-4.21 (h) experienced
amplitude modulation during the interference process. A sample of eight amplitude
modulations was visualized leading to a periodic pattern that varies based on the
applied amplitude. The selected amplitude reduction values are A´=A/2,
A´=A/3, A´=A/4, A´=A/5, A´=A/6, A´=A/10, A´=A/12 and the distance of the four
beams with diameter ~6 μm was selected at 21 μm. Measurements showed that the
distance between each bright spot at the non modulated interference pattern is equal
to 93 μm and independently of the applied amplitude the diameter of the spots is
always 11 μm. When the amplitude is reduced in values equal or greater than the half
of the initial value a spot-like square lattice symmetry starts to form with periodicity
of 65 μm. That is a result of the fact that the interaction between the four beams of
the same amplitude becomes much more powerful as the amplitude of the central
beam decreases forming a four beam interference effect.
(a)

No modulation
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(b)

A´=A/2

(c)

A´=A/3

(d)

A´=A/4

(f)

A´=A/6

(e)

A´=A/5

(g)

A´=A/10

(h)

A´=A/12

Figure 4.21: a,b,c) Phase mask, interference pattern and visualization
results for five interfering beams at distance 21 μm with no amplitude
modulation, amplitude A´=A/2 and amplitude A´=A/3. Interference pattern
and visualization results for amplitude d) A´=A/4 e) A´=A/5 rad f) A´=A/6
g) A´=A/10 h) A´=A/12 applied in the central beam.
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Along z axis complex interference patterns are realized. In figures 4.22 (a)-4.22 (b),
the produced patterns at depth 0-160 μm with step 20 μm for no amplitude
modulation and amplitude A´=A/2 were visualized. At greater depth values, the initial
spot-like motifs with p4m symmetry are transformed into spots with symmetry
similar to the one at four beam interference. Even more complicated motifs are
created as depth getting closer to 160 μm.
(a) No
modulation

(b) A´=A/2

56

Figure 4.22: Comparison of the patterns that are produced at
depth 0 to 160 μm from a) non-amplitude modulated multi-beam
intereference lithography and b) multi-beam intereference
lithography when amplitude A/2 rad is applied in the central
beam at five beam interference.
Phase or amplitude modulation can be applied in one of the four symmetrical beams
instead of the central one. Thus, by altering the phase of the upper left beam (circled
beam) that is depicted in figures 4.23 (a)- 4.23 (i), according to phases φ=π/6 rad,
φ=π/4 rad, φ=π/3 rad, φ=π/2 rad, φ=2π/3 rad, φ=3π/4 rad, φ=5π/6 rad and φ=π rad
new interference patterns are created. The selected distance of 28.9 μm between the
four symmetrical beams and the central one, with diameter 6 μm, leads to an
interference motif with periodicity 50 μm and spot diameter 9.5 μm as described
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above. In applied phases φ=π/6 rad and φ=π/4 rad, periodicity is reduced at 48 μm
until phase φ=π/2 rad where a new pattern is formed with lengths 70 μm,73.5 μm and
width 15 μm, as shown in (fig.4.22 i). This pattern seems to be an overlap between
fringes and spots.
(a)

In phase

(b)

φ=π/6 rad

(c)

φ=π/4 rad

(d)

φ=π/3 rad

(e)

φ=π/2 rad

(f)

φ=2π/3 rad
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(g)

φ=3π/4 rad

(h)

φ=5π/6 rad

(i)

φ=π rad

Figure 4.23: Phase mask, interference pattern and their visualization results
for five interfering beams at distances 28.9 μm with a) no phase modulation
b) phase φ=π/6 rad c) phase φ=π/4 rad d) phase φ=π/3 rad e) phase φ=π/2
rad f) phase φ=2π/3 rad g) phase φ=3π/4 rad h) phase φ=5π/6 rad i) phase
φ=π rad applied in the upper left beam.
The same beam (circled beam) was, then, amplitude modulated. In figures 4.24 (a)4.24 (h), the sample of seven amplitude modulations A´=A/2, A´=A/3, A´=A/4,
A´=A/5, A´=A/6, A´=A/10, A´=A/12 is visualized leading to a variety of periodic
patterns based on the applied amplitude. The distance of the four symmetrically
placed beams with diameter ~6 μm from the central beam is 21 μm. It was previously
mentioned that the distance between each bright spot at the non modulated
interference pattern is equal to 93 μm (or 92 μm for amplitude A/3) and the diameter
of the spots is always 11 μm, independently of the applied amplitude. When the
amplitude is reduced in values equal or greater than one third of the initial value the
spots of the original p4m symmetrical patterns are stretched and tend to form an
overlap between fringes and spots. That is a result of the fact that the interaction
between the central beam, the upper right and the lower left beam, that are in the
same row and have the same amplitude, would normally create fringes. However, the
lower right beam leads to a four beam interference effect, given that this interaction
becomes much more powerful as the amplitude of the upper left beam decreases.

No modulation
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(a)

No modulation

(b)

A´=A/2

(c)

A´=A/3

(d)

A´=A/4

(f)

A´=A/6

(e)

A´=A/5

(g)

A´=A/10

(h)

A´=A/12

Figure 4.24: a,b,c) Phase mask, interference pattern and visualization
results for five interfering beams at distance 21 μm with no amplitude
modulation, amplitude A´=A/2 and amplitude A´=A/3. Interference pattern
and visualization results for amplitude d) A´=A/4 e) A´=A/5 rad f) A´=A/6
g) A´=A/10 h) A´=A/12 applied in the upper left beam.
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Under these conditions, phase or amplitude alteration can be applied in two or more
beams simultaneously. Focusing in phase modulation, phases φ=π/6 rad, φ=π/4 rad,
φ=π/3 rad, φ=π/2 rad, φ=2π/3 rad, φ=3π/4 rad, φ=5π/6 rad and φ=π rad were applied
on the central and lower left beam (circled beams) shown in figures 4.25 (a) - 4.25 (i).
The distance and the diameter of the beams remain the same as in the previous cases
(28.9 μm and 6 μm) while the periodicity of 50 μm in the three initial patterns is
altered as phase approaches φ=π rad, where its value is equal to 71 μm. The diameter
of the spots is equal to 9.5 μm and the width of the fringes in final pattern is 15 μm.
It is obvious that phase modulation at these two beams in five beam interference has
the same effect with phase modulation on the upper left beam. Thus, an overlap
between fringes and spots is produced.
(a)

In phase

(b)

φ=π/6 rad

(c)

φ=π/4 rad

(d)

φ=π/3 rad

(e)

φ=π/2 rad
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(f)

φ=2π/3 rad

(g)

φ=3π/4 rad

(h)

φ=5π/6 rad

(i)

φ=π rad

Figure 4.25: Phase mask, interference pattern and their visualization results
for five interfering beams at distances 28.9 μm with a) no phase modulation
b) phase φ=π/6 rad c) phase φ=π/4 rad d) phase φ=π/3 rad e) phase φ=π/2
rad f) phase φ=2π/3 rad g) phase φ=3π/4 rad h) phase φ=5π/6 rad i) phase
φ=π rad applied in the central and lower left beam.
Comparing the interference patterns that are produced along z axis for no phase
modulation and phase φ=π/2 rad, we see that complex interference patterns are
realized. In figures 4.26 (a)-4.26 (b), the visualized results of the produced patterns at
depth 0-16 μm with step 20 μm are presented. At greater depth values, the initial
spot-like motifs with p4m symmetry are transformed into spots with random
symmetry. Even more complicated motifs are created as depth getting closer to 60
μm.
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(a) In phase

(b) φ=π/2 rad

Figure 4.26: Comparison of the patterns that are produced at depth 0 to 60 μm
from a) non-phase modulated multi-beam intereference lithography and b) multibeam intereference lithography when phase φ=π/2 rad is applied in central and
lower left beam at five beam interference.
The two lower beams (circled beams) were modulated by applying seven amplitude
modulations A´=A/2, A´=A/3, A´=A/4, A´=A/5, A´=A/6, A´=A/10, A´=A/12. In
figures 4.27 (a)-4.27 (h), these modulations are visualized leading to a variety of
periodic patterns based on the applied amplitude. The distance of the four
symmetrically placed beams with diameter ~6 μm from the central beam is 21 μm. It
was previously mentioned that the distance between each bright spot at the non
modulated interference pattern is equal to 93 μm and the diameter of the spots is
always 11 μm, independently of the applied amplitude. When the amplitude is
reduced, the spots are not affected as far as periodicity is concerned. On the other
hand, the original p4m symmetry is transformed into cmm symmetry as a result of the
stretching that spots face during the modulation. This is caused by the strong
interaction between the three beams of the same amplitude that it is more powerful in
comparison with the faded two lower beams.
(a)

No modulation
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(b)

A´=A/2

(c)

A´=A/3

(d)

A´=A/4

(f)

A´=A/6

(e)

A´=A/5

(g)

A´=A/10

(h)

A´=A/12

Figure 4.27: a,b,c) Phase mask, interference pattern and visualization
results for five interfering beams at distance 21 μm with no amplitude
modulation, amplitude A´=A/2 and amplitude A´=A/3. Interference pattern
and visualization results for amplitude d) A´=A/4 e) A´=A/5 rad f) A´=A/6
g) A´=A/10 h) A´=A/12 applied in the two lower beams.

Phases φ=π/6 rad, φ=π/4 rad, φ=π/3 rad, φ=π/2 rad, φ=2π/3 rad, φ=3π/4 rad, φ=5π/6
rad and φ=π rad were applied on the central and the two lower beams (circled beams)
shown in figures 4.28 (a) - 4.28 (i). The distance and the diameter of the beams are
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not altered in comparison with the previous cases (28.9 μm and 6 μm) while the
periodicity of 50 μm remains stable as phase approaches φ=π rad. The diameter of the
produced spots is equal to 9 μm. However, the total pattern is transferred downwards
as phase changes. This is obvious by carefully observing the movement of each point
from no phase modulation to phase φ=π rad.
(a)

In phase

(b)

φ=π/6 rad

(c)

φ=π/4 rad

(d)

φ=π/3 rad

(e)

φ=π/2 rad
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(f)

φ=2π/3 rad

(g)

φ=3π/4 rad

(h)

φ=5π/6 rad

(i)

φ=π rad

Figure 4.28: Phase mask, interference pattern and their visualization results
for five interfering beams at distances 28.9 μm with a) no phase modulation
b) phase φ=π/6 rad c) phase φ=π/4 rad d) phase φ=π/3 rad e) phase φ=π/2
rad f) phase φ=2π/3 rad g) phase φ=3π/4 rad h) phase φ=5π/6 rad i) phase
φ=π rad applied in the central and two lower beams.
Finally, the two lower beams and the upper left beam (circled beams) were
modulated by applying seven amplitude modulations A´=A/2, A´=A/3, A´=A/4, A
´=A/5, A´=A/6, A´=A/10, A´=A/12. In figures 4.29 (a)-4.29 (h), these modulations
are visualized leading to two main periodic patterns based on the applied amplitude, a
spot-like p4m symmetrical pattern and a fringe-like pattern. The distance of the four
symmetrically placed beams with diameter ~6 μm from the central beam is 21 μm.
Even though, the distance between each bright spot at the non modulated interference
pattern is equal to 93 μm and the diameter of the spots is always 11 μm, periodicity is
increased to 94 μm for the applied amplitudes A´=A/2 and A´=A/3. When the
amplitude is further reduced, the original p4m symmetry is transformed into a fringelike pattern of periodicity 90 μm and fringe width 12 μm. This is a result of the strong
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interaction between the two beams of the same amplitude that it is more powerful in
comparison with the faded three beams.
(a)

No modulation

(b)

A´=A/2

(c)

A´=A/3

(d)

A´=A/4

(f)

A´=A/6

(e)

A´=A/5

(g)

A´=A/10
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(h)

A´=A/12

Figure 4.29: a,b,c) Phase mask, interference pattern and visualization
results for five interfering beams at distance 21 μm with no amplitude
modulation, amplitude A´=A/2 and amplitude A´=A/3. Interference pattern
and visualization results for amplitude d) A´=A/4 e) A´=A/5 rad f) A´=A/6
g) A´=A/10 h) A´=A/12 applied in the two lower beams and the upper left
one.

4.2 Fabricated Structures
By using multi-beam interference in a processing system, it was allowed to produce
complex periodic patterns on a photosensitive material within few to tens of seconds,
proving the efficiency of the method and its practical application. In the processing
system, depicted in (fig.4.1), the cover glass with the photoresist droplet was placed
above the objective lens. The Aerotech 3200 nano-positioning stages system was controlled by 3D Poli software allowing the movement along z axis with parallel rotation
of the sample, controlling, in that way, the height of the structure and the polymerization site into the material. Thus, simultaneous layer by layer photopolymerization into
the total volume of the photoresist was achieved through multi-beam interference, resulting in up to two orders of magnitude faster fabrication in comparison with conventional point by point techniques. Fabricated patterns were produced after four and
five beam interference where each focal spot (voxel) is measured to be ~1.97 μm
wide and 10 μm long, leading to an aspect ratio of AR~0.2. The photoresist materials
is SZ2080, a hybrid (organic-inorganic),zirconium-propoxide-doped material as described in Ref. (39). The sample is prepared by drop casting the material on a glass
substrate and after the photo-polymerization, the non-polymerized regions are
washed out with 4-methyl-2-pentanone.
SEM images shown in figures 4.30 (a)- 4.30 (c), represent a 3D micro-channel
structure fabricated by four beam interference with the beams placed as described in
(fig.4.13 b). The structure consists of 3 layers in a circular geometry fabricated with
simultaneous rotation of the photosensitive materials while it was moving along z
axis. Due to the low interlayer distance of 3 μm there is overlapping between the
voxels resulting in the channel-shaped geometry with. The diameter of each microchannel is equal to 15 μm and the structure height is 36 μm. On x axis the width of
the structure is equal to 220 μm while on y axis is equal to 235.8 μm.
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(a)

(b)

(c)

Figure 4.30: (a)-(c) SEM images of a 3D micro-tube
structure fabricated by four beam interference.
In total, 91 micro-channels were fabricated within 15 seconds, meaning 91 times
faster fabrication in comparison with point to point fabrication. In this case, 3.55 μJ
of energy (or 710 mW) were required.
(b)

(a)

(c)
(a)

(a)

Figure 4.31: SEM images of a,b) 3D chiral-shaped
structure fabricated by four beam interference c) 3D chiralshaped structure fabricated by five beam interference.
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In figures 4.31 (a)- 4.31 (b), a 3D chiral-shaped structure fabricated by four beam
interference with the beams placed as described in (fig.4.13 b), is presented. The
structure consists of 2 layers in a chiral geometry fabricated with simultaneous
rotation of the photosensitive materials while it was moving along z axis. The
interlayer distance of the structure is 10 μm and the diameter of each coil is equal to
15 μm, creating a structure with height 60.25 μm. For the structure in figure 4.31 (c),
five beam interference was used. The interlayer distance of the structure is 36 μm and
the diameter of each coil is equal to 19 μm, creating a structure of two layers with
height 145 μm. In the first case, the total fabrication time was 33 seconds and the
applied energy was 3.55 μJ. In the case of five beam interference, the total fabrication
time was 1.08 minutes and the applied energy was 2.875 μJ (or 575 mW).
(a)

(c)

(b)

(d)

(e)

Figure 4.32: SEM images of 3D scaffold structures fabricated by compining a,b) non-phase
and phase modulated four beam interference c) non-phase and phase modulated five beam
interference.
An important aspect of this method is that the combination of structures fabricated
by two different interference patterns is possible. Even if the interference patterns are
produced from phase modulated beams, complex structures can be created. This is
shown in figures 4.32 (a)-4.32 (e) where structures are fabricated by four and five
beam interference lithography using two interference patterns with pi-phase
difference. To be precise, figures 4.32 (a)-4.32 (b) depict a scaffold-shaped pattern
fabricated by applying at the same region of the photosensitive material two patterns
based on four beam interference. The first pattern is similar to the one described in
(fig.4.13 b ) while the second is created when the lower left beam is modulated with
phase φ=π rad. Following the same approach as above, the interlayer distance of each
individual structure was 30 μm and the diameter of each coil was 40 μm, creating a
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compined structure with height 119.5 μm. The total fabrication time was 1.03 minutes
for each individual structure and the applied energy was 2.875 μJ.For the structure in
figures 4.32 (c)-4.32 (e), five beam interference lithography was used according to
the fabrication method of the previous structure where two interference patterns with
pi-phase difference were applied on the photosensitive material. The interlayer
distance of each individual structure is 25 μm and the diameter of each coil is equal to
30 μm, creating a structure with total height 100 μm. The total fabrication time was
1.27 minutes and the applied energy was 3.55 μJ. In the case of five beam
interference, the total fabrication time was 1.27 minutes for each individual structure
and the applied energy was 3.214 μJ.

4.3 Applications and Advantages
Micro-fluidic systems for drug delivery
Micro-channels (fig. 4.30) are a very promising structure for micro-fluidics,
especially in the field of drug delivery. Micro-fluidics, as a well-established
technology, have found several applications relevant to biomedical science fields.
This technology of our time can be used in drug delivery and medicine offering a new
point of view in the field of targeted treatments.
Analytically, micro-channels could be useful as micro-needles, able to deliver
transdermally drugs, therapeutic agents and vaccines[40]. This delivery could
possibly occur directly at the target tissues and due to their structure and size, microchannels are able to deliver the needed dose of drugs to the target without the side
effects related to high drug concentrations. Micro-needles are proposed as an
alternative method to conventual injections because of the fact that this method
overcomes the drawback of gastrointestinal drug degradation and eradicates the pain
and discomfort of intravenous and intramuscular injections. Micro-needles can, also,
penetrate the skin across the stratum corneum, avoiding nerve fibers and blood
vessels, providing a painless method for drug delivery as well as preventing
bleeding[41,42].
On these terms, micro-fluidics are extremely useful when investigating how the
interactions between drug carriers and cells occur and when it comes to microneedles, they can be helpful in studying the treatment effects of active compounds
and drugs. Moreover, microfluidic technologies can provide the possibility of
analyzing the response of multiple cells, tissues, or organs to a specific drug, thus
helping the development of novel therapies[43].
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Chirality
One of the possible applications of the spiral-like structures is in the study of
chirality. Α chiral medium is composed of particles that cannot be superimposed on
their mirror images.
The behavior of a chiral structure is altered according to the polarization of the wave.
In this case, the spiral fabricated structures in (fig. 4.31) could show different
response for a left circularly polarized (LCP) wave in comparison to a right circularly
polarized (RCP) wave as a result of the chiral asymmetry of the medium, similar to
the way that this kind of materials (meta-materials) behave during such an
interaction. Moreover, there is cross-coupling between the electric field and
magnetic field going through a chiral medium. A dimensionless chirality parameter κ
is used to describe this cross-coupling effect. The refractive indices of RCP and LCP
waves become different due to the existence of κ[44].
Generally, appropriately fabricated periodic structures can be used as electromagnetic meta-matarials as they show peculiar properties, including negative
refraction and super-lensing, that are inconsistent with the properties of natural
materials. The conventional meta-materials require both negative ε and negative μ to
achieve negative refraction. So, chiral meta-material is a new class of materials that
offer a simpler route to negative refraction. In addition, they provide new and
exciting opportunities for fundamental research and practical applications. Through
pragmatic designs, the chiroptical response of chiral metamaterials can be several
orders of magnitude higher than that of natural chiral materials. Meanwhile, the local
chiral fields can be enhanced by plasmonic resonances to drive a wide range of
physical and chemical processes in both linear and nonlinear regimes[45].
Scaffolds for tissue engineering and catalysis
3D-micro-structures presented in (fig. 4.32) are ideal candidates for tissue
engineering applications. These scaffold structures provide the appropriate
environment for cells growth, in a structure that is similar to tissues or organs.
Moreover, the scaffold structure in (fig. 4.32 a-b) offers a large surface area due to
high porosity and thus it could be employed in catalysis processes.
Tissue engineering (TE) is part of the field of regenerative medicine, where the main
purpose is to restore, keep, or improve the function of a tissue or group of organs
through a specific combination of cells, scaffolds, and bioactive factors, such as
growth factors and cytokines. In this way, TE is aiming to overcome the limitations of
conventional treatments based on organ transplants. When it comes to scaffolds, these
temporary 3D matrices can stimulate the growth and the appropriate formation of the
desired tissue by organizing cells three-dimensionally. Besides allowing for the
adherence and migration of cells inside the scaffold and promoting cell proliferation
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and differentiation, the scaffold must provide an environment where the cells can
keep their phenotype and synthesize proteins and/or other necessary bio-molecules. A
scaffold must yet promote vascularization and nutrient migration, and possess
degradation rates and mechanical properties suitable to support new tissue formation.
The scaffolds can also work as carriers of cells, growth factors, and/or other bioactive
molecules[46].
In addition, hybrid organic-inorganic materials, such as SZ2080, are a typical
example of materials that are used for fabrication of porous structures where catalysis
occurs due to the fact that they consist of the assembly of a metal precursor via
coordination with polyfunctionalized organic building unit to form a coordination
polymer (CP). High porosity offers higher surface area and attendant dispersion of
metal or acid/base functions, and superior mass transport of reactants and products
to/from active sites located inside framework[47,48].
Overall, the 3D-scaffold structures presented above are extremely helpful in
applications related to bio-medicine as they offer the needed mechanical stability and
an advantageous environment for cells to grow. Moreover, there are possible
applications to catalysis processes due to the large surface area provided and that is
usually needed in catalysis.

Conclusion
In conclusion, this thesis proposed multi-beam interference lithography as a timeefficient method when fabrication of 3D-micro or nano- structures is required. In this
way, a solution to the issue of time-consuming conventional writing techniques, such
as Direct Laser Writing (DLW), was given.
Multi-beam interference method was combined with parallel changes in distance,
phase or amplitude of the interfering beams revealing the diversity of possible motifs
that are produced during an interfering process. Moreover, it was demonstrated that
the translation of these motifs/patterns on a photosensitive materials leads to the
fabrication of complicated periodic structures with fabrication time up to two orders
of magnitude in comparison with the conventional point-by-point techniques. These
structures could be extremely useful in applications related to the scientific fields of
bio-medicine, physics and chemistry and due to their size (in scale of micrometers)
and short processing time, they could, also, be used in market applications.
All the above, explain the reason why multi-beam interference is an interesting and
appealing technique, in comparison with conventional lithography methods, that it
can be widely applied in photo-polymerization procedures, producing promising
structures for applications in a variety of fields.
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