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Abstract
Azobenzene derivatives have been subject to many studies in the field of all-optical surface patterning
due to their unique photoresponsive properties. Photoinduced mass movement of azobenzene enables
inscription of surface relief gratings (SRG) under exposure to interference pattern of light. Interestingly
SRGs can form under single beam irradiation, where no external interference pattern is applied, and thus
the structures form spontaneously. Herein, Photoinduction of spontaneous SRG (SSRG) on thin films of a
disperse red 1 functionalized glass-forming compound is investigated. Glass-forming small molecules
yield more homogeneous samples and it allows to mitigate the impact of the rheological effects of
polymers.
SSRG formation is assumed to initiate from an interference pattern formed between the incident beam
and scattered beams at grazing angle by surface defects. Formation of SSRG’s takes place in three stages:
nucleation, growth, and saturation. Herein, the grating formation procedure is studied by monitoring the
surface topology of thin films exposed to one writing beam for various periods of time, under both linear
and circular polarizations, using AFM. Even in the absence of surface defects on the initial film,
irradiation produces light-induced surface defects due to the reorientation and mass movement of the azo
molecules. These defects act as seeds for SSRG around which gratings gradually emerge and propagate
throughout the sample. To consolidate this hypothesis, the formation of gratings was studied on samples
with controlled surface roughness. Pore-shaped defects do not diffract light on top of the sample, and thus
have no impact on SSRG growth, while for hill-shaped defects, growth rate decreases sharply with defect
sizes larger than the writing beam wavelength. The saturation stage has been studied using different
intensities of the writing beam. The rate of grating growth increases as a function of laser intensity, but
the gratings saturate at the same modulation amplitude, independent of the laser intensity
Two other analogous glass-forming azobenzene derivatives were studied, and in all cases, SSRG
formation was correlated with the induction of birefringence in the early stages of the irradiation. The
orientation of SSRGs is influenced by the polarization of the writing beam. The direction of the gratings
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is determined by the optical anisotropy induced by a polarized beam. Real-time anisotropy experiments
are presented to predict the grating direction. Furthermore, self-organized surface relief gratings
formation under different polarizations at different incident angles was studied. Oblique irradiation of a
beam polarized with a combination of p- and s-polarizations yields crossed SSRG with different pitches,
forming planar chiral structures. Azimuth rotations up to 10° have been observed, and the absence of 3D
chirality has been confirmed. This method thus allows generating non-reciprocal planar chiral objects by
a simple, single irradiation process on a thin film of a material that can easily be processed over large
areas or onto small objects.
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Chapter 1
Introduction
All-optical surface patterning of photoaddressable materials has recently attracted enormous
attention in the field of photonics [1]. The photo-responsive properties of these materials enable
fabrication of miniaturized photonic devices, such as diffraction gratings, using simple and costeffective methods. A diffraction grating is an optical device with a periodic modulation in optical
property such as refractive index, charge density or surface height which is capable of chopping
incoming beam in several beams traveling in different directions. A traditional way to fabricate such
devices is by using lithography/etching techniques, which requires complex and expensive equipment
and multiple processing steps. In contrast, light-assisted patterning constitutes a simple, flexible, and
time and cost-efficient alternative.
In this respect, azobenzene-functionalized materials have been the subject of many studies.
Azobenzene-functionalized materials fulfil all requirements for the holographic fabrication of
photonic structures due to their remarkable photo-responsive properties [2]. These properties originate
from the reversible photochemical trans-cis-trans isomerization of the azo-molecules. Polarizationselective isomerization leads to molecular reorientation perpendicular to the pump beam’s polarization
[3]. As a result, the physical and chemical properties of the samples are modified [4]. While the
photo-reorientation of azobenzene moieties induces birefringence, the repeated trans-cis-trans
isomerization cycle of azobenzene molecules, caused by extended exposure to light results in mass
movement in the material [3], eventually leading to macroscopic surface deformations. For example,
irradiating a thin film of azobenzene-containing material with two laser beams forming an interference
pattern induces a surface relief grating (SRG) [5]. It is well-known that SRG formation strongly
depends on both intensity and polarization gradient [6], and more recently it has been shown that the
surface deformation also depends on the phase and wave-front of inscribing beams [7]. Photofluidity
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due to isomerization [8] and π-shift of the SRG relative to the interference pattern [9] under moderate
power irradiation (a few hundred mW/cm2) are some of the main observed features underlying lightdriven mass transfer.
Several models have been proposed to explain the driving force responsible for the macroscopic
mass transport of azo moieties on the micrometer scale at temperatures well below the glass transition
temperature. For example, the pressure model [10], one of the first proposed models, attributes SRG
formation to the change in volume occupied with azo isomers during isomerization. The field
gradient force model [11] postulates that SRGs originate from a dependence on the polarization and
intensity gradients, in a fashion similar to optical tweezers. The diffusion model [12] attributes SRGs
to an inchworm-like motion of the azo moieties during cis-trans isomerization and reorientation. The
random walk model [7] confirms the perspective of the anisotropic light-driven molecular diffusion
model. Each model explains distinct aspects of SRG formation but owing to the particular nature of
the materials involved, none easily provides a comprehensive explanation of all observed aspects of
SRG formation.
A lesser-known fact is that SRG can also be formed spontaneously under single-beam exposure
[13], without applying of an interference pattern. The formation mechanism of these spontaneous
surface relief gratings (SSRGs) is more anomalous than SRG formation. The experiments conducted in
this dissertation bring some insight into the SSRG formation process.

Spontaneous surface structures can be produced on a wide variety of materials [14], although the
physical phenomena involved can be different for each case. For surfaces that support surface-guided
waves, the periodicity of the structure depends on the electromagnetic wave-guiding properties of the
surface [15]. For the materials that do not support surface waves, the periodicity is typically in the
range of the writing beam’s wavelength, implying that interferences of the primary beam with selfinduced diffraction in the grazing angle play a significant role in structure formation [16]. Normally, a
high-power pulsed laser (few J/pulse) is used, and irreversible structures, called laser-induced periodic
surface structures (LIPSS) [17], form. On the other hand, exposure to a single uniform beam with
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moderate power (few hundred mW/cm2) on azo film results in reversible SRG formation due to lightinduced isomerization and mass movement.
In previous studies, SRG formation was investigated on azopolymers, in which the entanglement
of the polymer backbone effects the dynamics of photoinduced orientation and mass migration.
Single-molecule material was considered unavailing for SRG formation because most azobenzene
chromophores crystallize very easily, limiting their usefulness for thin-film applications. However, in
this study a single-molecule Disperse Red 1- functionalized glass-forming compound is utilized. This
glassy material does not crystallize and can be processed into high-quality thin films. Moreover, the
effects of polymer entanglement are mitigated.
Different phases of SSRG formation were investigated in this study. Self-organization initiates
from noise, which can be any physical defect. In the case of SSRGs, the initial noisy patterns are
surface irregularities. The defects scatter the incoming beam in any direction. The scattered beam can
interfere with the incoming beam, but only the interference pattern of the incoming beam with the
scattered beam at the grazing angle will fall on the surface. As a result, an SSRG nucleates and other
surface irregularities are washed out. To clarify the effect of surface roughness on SSRG formation,
samples with different surface roughnesses were used. It is discovered that on topologically flat
surfaces, the irradiation initially induces the formation of protrusions as a result of mass transport
caused by light-matter interactions.
Photo-orientation and mass transport are coupled phenomena. Photoinduced birefringence and
SSRG nucleation may also be closely correlated. To consolidate this hypothesis, SSRG formation was
investigated on different azo-glass materials. No surface deformations, and consequently no
gratings, were observed upon irradiation of samples with almost zero birefringence induction.
These findings have highlighted some crucial elements of the nucleation of SSRGs that are
instrumental in establishing a comprehensive model for their formation.
Prediction of the direction of the SSRGs’ K-vector is another missing piece of the puzzle. The
polarization of the incoming beam is a determining factor, however, the dependence of the SSRG
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growth direction on the material itself is not well established. The direction of SSRG can be
determined by the optical anisotropy, which is the consequence of the interaction of pump beam
polarization and molecular dipole moment. To solidify the postulation, a real-time anisotropy
experiment was conducted to study the role of optical anisotropy in determining the direction of the
SSRG. Moreover, formation of SSRGs using different pump beam polarizations at different incident
angles was studied.
The azo film acts as a data storage medium for information from the laser, such as wavelength,
polarization and irradiation angle. Hence, altering the combination of polarization and incident angle
one can codify more complex structures. One of the interesting applications of these properties is that
chiral configuration of light can be transferred onto the surface structure. Herein, induction of planar
chiral structures under oblique irradiation of polarized beams is investigated and optical activity of the
SSRGs is measured.
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Chapter 2
Literature review: Photoinduced surface patterning using azobenzene
chromophores
All-optical surface patterning has become a crucial element for several applications in photonics,
including inscribing diffraction gratings for the coupling of light into and out of optical waveguides
[18], wavelength filters [19], in optical data storage [20,21], in optical nano-imaging [22,23], and in
photovoltaic cells as light-harvesting structures [24].Traditional fabrication of such gratings is
achieved through lithography / etching techniques, which require complex and expensive equipment
and multiple processing steps. In contrast, light-assisted patterning is a simple, flexible, and time and
cost-efficient alternative. In this respect, azobenzene-functionalized materials have been the subject of
many studies of the holographic fabrication of photonic structures due to their remarkable photoresponsive properties.
This chapter will discuss the unique characteristics of the azobenzene chromophore and the ways
in which azo-materials could be used in the emerging field of all-optical surface patterning.

2.1 Azobenzene
Azobenzene refers to an aromatic compound where an azoic group ( N  N  ) links phenyl rings
together [25]. The phenyl rings have alternating single and double molecular π-orbitals, which are
asymmetric in relation to the molecular plane. The atomic orbitals centered at the two adjacent
nitrogen atoms build molecular n-orbitals, which are symmetrical in relation to the molecular plane.
The positions of these molecular orbitals determine the spectroscopic and photochemical behavior of
the molecule [26]. Upon excitation, electrons jump between (π→ π*) and (n→ π*) orbitals, where the
energy differences fall within the visible and ultraviolet spectrum respectively [27]. By adding a ring
substitute to the core azobenzene structure, the absorption spectrum can be attuned to fall anywhere
from the ultraviolet to the visible-red region.
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2.1.1 Classification of Azobenzene Chromophores
According to relative energy of π→ π* and n→ π* transitions, azobenzene are classified into three
spectroscopic classes: azobenzene-type molecules, aminoazobenzene-type molecules, and pseudostilbenes [28]. These three classes have different absorption spectra and hence distinguishable colors:
yellow, orange, and red, respectively. The unsubstituted azobenzene-type molecules show a lowintensity n→ π* transition in visible spectrum, and a much stronger π→ π* transition in the UV
spectrum (Figure 2-1 b) [29]. In aminoazobenzene-type molecules an electron donating group, such as
an amino (–NH2), is substituted in the ortho or para position. In this type of azo chromophores, the
position of π→ π* and n→ π* is much closer. In fact, they may overlap, because π→ π* is much
intense and n→ π* may be completely buried underneath [30].

Figure 2-1: a) Examples of three classes of azobenzenes: (i) azobenzenes (ii) aminoazobenzenes,
and (iii) pseudo-stilbenes. b) Schematic of typical absorbance spectra for trans-azobenzenes.
The solid line, dotted line and dashed line represent azobenzene-type molecules,
aminoazobenzenes and pseudo-stilbenes respectively [Reprinted from ref. 30].
Substituting an electron donor –NH2 and electron acceptor –NO2 into the 4 and 4' positions leads to
a strongly asymmetric electron distribution in the third class. This shifts the π→ π* absorption to
lower energy, where it falls below the n→ π* energy level in red spectrum (Figure 2-1 b) [30].
An ensemble of azobenzene molecules would have different optical properties compared with
those of an isolated chromophore. The π-π stacking shifts the absorption spectrum. If azo molecules
are aligned head to head, they are called H-aggregates, resulting in a blue shift (hypsochromic) where
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the absorption wavelength is shifted towards the blue spectrum. If azo molecules are aligned head to
tail, they are called J-aggregates and result in a red shift (bathochromic) where the absorption
wavelength is shifted towards the red spectrum [30]. Changing the electron density affects the dipole
moment and all higher order multipole moments of the molecules. This is very important for
nonlinear studies [31].
2.1.2 Photochemistry of azobenzene
The fundamental feature of azobenzene material is its capability to isomerize between the trans and
cis geometric isomers. The two isomers have different physical and chemical properties [4]. Upon
absorption of a photon, trans to cis and reverse photoisomerization can take place in different
wavelengths. Alternatively, cis can convert to trans thermally. The trans isomer is more stable by 50
KJ/mol, and in the dark most azobenzene molecules can be considered to be in trans state. The energy
barrier for photoexcited states is about 200 KJ/mol [32]. The time scale of photoisomerization is in
picoseconds, whereas thermal isomerization can occur in milliseconds to hours. Ring substitution also
modifies the absorption spectrum of the trans and cis isomers. In azobenzene-type molecules, trans to
cis and cis to trans photoisomerizations require different wavelengths. However, in pseudo-stilbene
type molecules, the absorption spectra of trans and cis overlap with each other; thus, both conversions
can take place with a single beam [27-32]. The lifetimes of cis isomers, and hence their thermal
relaxations, differ in the different classes of azobenzene chromophores. The lifetimes for azobenzenes,
aminoazobenzenes, and pseudo-stilbenes are usually in the order of hours, minutes, and seconds,
respectively [28-32].
Under exposure of a sample of azobenzene material to an appropriate wavelength, a
photostationary state will be achieved wherein the trans and cis populations reach steady states based
on the competition of the forward and reverse photoisomerization and the thermal relaxation
processes. This state is unique for each system depending on the system’s chemical structure and
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absorption spectrum. It also depends on some environmental factors such as temperature, beam
intensity and wavelength.

Figure 2-2: a) Trans and cis isomers can photoisomerize with different wavelengths, and cis
relaxes to the more stable trans state thermally. b) Simplified energy states of trans and cis. The
ε stands for extinction coefficients and φ for quantum yields of photoisomerization.
2.1.3 Azobenzene Systems
To exploit interesting photomechanical features, azobenzene moieties are extensively investigated
in different systems as either small molecules, or as components in a wide variety of polymeric
systems. There are three different ways to incorporate azo chromophores into polymeric matrices [33].
Azo molecules can be doped into a polymeric matrix in a guest-host system, where the azo molecule
is not bonded to the polymer and has more freedom. In these systems, the azo molecules easily fall
into photoinduced motion, but this motion is not coupled in the matrix. The mobility of azo molecules
can lead to phase separation or microcrystallization [34]. To integrate the photoinduced effects into
the polymeric matrix, azo molecules can be attached covalently to the polymer chain in either the
main chain or side chain portions. Photoinduced modifications in main chain azo polymers have
slower rates and slower relaxation processes.
In the past, photoinduced effects in single-molecule materials were not the subject of interest,
because most azobenzene chromophores crystallized easily, limiting their usefulness for thin-film
applications; but recently, a single-molecule azobenzene derivative was synthesized that can be
processed into high-quality amorphous thin films [35].
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2.2 Photoinduced motions
Reversible trans–cis–trans photoisomerization of azobenzenes that are covalently bonded within
other molecular structures or polymers can trigger a variety of motions in the surrounding media at the
molecular, nanometer, and micrometer levels. These photoinduced effects allow systems containing
azo molecules to be engaged as all-optical switches that could reversibly modify the material’s
properties. Here, the photoinduced motions are roughly described in order of increasing size scale.
2.2.1 Molecular Motion
Isomerization is the underlying photoinduced motion of azobenzene materials, where the
molecules experience geometrical changes. In cis isomers, the phenyl rings are twisted 90° relative to
the azoic group, and the distance between the 4- and 4'-positions from 1 nm in the trans state is
reduced to 0.6 nm [36-37]. This increases the dipole moment from zero in the trans form to 3 Debye
in the cis form [38]. Hence, the cis form requires a larger free volume than that of the trans [39]. This
molecular displacement generates a nanoscale force [40-41], which can be used as a molecular switch
[42]. Another interesting photo-assisted molecular motion is photo-orientation.
2.2.1.1 Photo-orientation
Real-time anisotropy experiments reveal that isomerization is a polarization-selective process that
leads to molecular reorientation perpendicular to the pump beam polarization [43]. The azobenzene
molecules have a highly anisotropic electronic distribution, and the absorption of polarized light takes
place in a selective manner. The interaction between the transition dipole moment and the electric
field of light determines the probability of excitation rate. The transition dipole moment of azo
chromophores is usually along their principle axis. The probability of photoexcitation is proportional
to the cosine square of the angle between the transition axis and the polarization of the exciting laser.
For a given initial angular distribution of chromophores, the absorption of light causes the trans
isomer to convert to a cis state, and then to revert to the trans state in a random direction. The trans
isomers in parallel with polarization direction have the highest probability of absorbing light, while
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the perpendicular isomers are inert to the light (Figure 2-3). When a thin film of azo material is
irradiated with a linearly polarized light, trans isomers with a transition dipole moment along the
polarization direction deplete over time [32]. Since the azo molecules have a highly anisotropic
refractive index along different axes, the orientation of the chromophores induces dichroism
(anisotropy in absorption spectrum) and birefringence (anisotropy in refractive index) [44]. The
photoalignment of the chromophores is a reversible process, and with a polarized beam in another
direction, the orientation of the chromophores can be modified. Circularly polarized or unpolarized
beams will randomize the chromophore orientations [45]. The driving force for this molecular motion
is the minimizing of the excitation rate. It should be highlighted that, in addition to photoalignment in
the plane of the sample, azo molecules orient along the axis of the incoming beam. This alignment is
often ignored [46].

Figure 2-3: a) Schematic presentation of polarization-selective photo-orientation of azo
molecules. The probability of photoisomerization in forward and reverse directions is indicated
by the size of the arrow. b) Exposure of azo molecules to a linearly polarized beam results in the
accumulation of chromophores perpendicular to the polarization direction. A circularly
polarized beam randomizes the orientation.
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2.2.1.2 Birefringence gratings
Since azo molecules have a different refractive index along long and short axes, photoalignment
results in the anisotropy of the refractive index. Photoalignment of azobenzene molecules induces
birefringence, which is the difference between the refractive indices parallel (n )׀׀and perpendicular
(n) to the polarization of the pump beam (n= n-n[ )׀׀30,32]. It is important to note that
birefringence can be measured at a wavelength far outside of the absorption band, which means that
measurement can take place without disturbing the photo-orientation. Photoinduced orientation is
reversible, thus the isotropic state can be restored by heating the sample above the glass transition
temperature [47]. For a sample where the azo molecules are covalently attached to larger molecular
structures like polymers, the photoinduced motions are hindered and relaxation of the orientation will
be slower. When a thin film of azo-functionalized material is irradiated with a light pattern, a
birefringence grating can form, where the diffraction is caused by the spatial variation in the refractive
index [48-49].
Photoinduced birefringence constitutes a simple and flexible inscribing and erasing process, and
has many unique applications in photonics, including all-optical switching [50] and nonlinear optics
(NLO) [51]. Pseudo-stilbene type azobenzenes, which have asymmetric electronic systems, are
especially ideal for NLO applications. Non-centrosymmetric arrangement is required for NLO
response. Usually, an external electric field is applied to align the dipole moment of the organic
molecule [52]. This technique is called electric field poling, or corona poling, and is implemented in
high temperature settings using a large electric field. During photo-orientation, the molecules mostly
orient antiparallel (H-aggregation) and cancel each other’s dipole moments [53]. However, corona
poling under light irradiation in azo chromophores facilitates the alignment of the molecules allowing
poling to be obtained at lower temperatures, using smaller DC electric fields [54-55]. All-optical
poling can also be achieved in azo chromophores where the mixture of the incoming polarized beam
and the generated second harmonic creates a directional electric field [56-57]. Experimentally, NLO
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responses on azo functionalized materials have been recorded in terms of altering the refractive index
or generation of new harmonic frequencies such as second-harmonic generation [58].
2.2.2 Nanoscale Motion
The molecular motions in azo chromophores can be utilized to control the orientation of the
domains of liquid crystals (LC). Even with a small number of azo molecules in an LC,
photoalignment can be transferred to the host LC [59]. This is an excellent example of the
magnification of molecular motion into nanoscale motion. Transition from the nematic to the isotropic
phase of the host LC can also be controlled with photoisomerization [60]. Because trans isomers are
excellent mesogens, whereas cis isomers are poor mesogens, trans → cis isomerization can destabilize
the nematic phase of the LC.
2.2.3 Micrometer-Scale Motion
Longer light-material interaction results in mass migration, eventually leading to macroscopic
surface deformations. In 1995, it was discovered that the irradiation of thin films of materials
functionalized with azobenzene chromophores with an interference pattern of polarized laser beams
resulted in reversible and controllable deformations of the film surface along specific patterns, with
depth and spacing at the micrometer scale [61-62]. These specific patterns are referred to as surface
relief gratings (SRGs).

2.3 Surface Relief Grating
The irradiation of thin films of azobenzene-doped material (pseudo-stilbenes type) using two laser
beams to form an interference pattern induces an SRG where parallel grooves with well-defined depth
and width form on the surface. In a typical experiment, a Lloyd's mirror is used to produce the two
light sources for the interference pattern (Figure 2-4). A single beam is used; half of the incident beam
illuminates the sample directly, and the other half of the incident beam reflects off the mirror adjacent
to the sample. The incident and reflected beams intersect at an angle 2θ on the sample surface, giving
rise to an SRG with the following period:
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Equation 2-1

Where λ is the wavelength of the pump beam.

Figure 2-4: a) Schematic of an impinging light pattern on an azo sample; a grating with spacing
Λ and amplitude h is formed. [Reprinted from ref 30 ], b) The schematic representation of
Lloyd's mirror.
Laser-induced surface deformation can take place due to different mechanisms, such as thermal
ablation, photodegradation and mass transport [32]. Photoisomerization is an essential requirement for
SRG formation via light-driven mass transport. Usually pseudo-stilbene type azo-materials are used
for SRG inscription because the trans and cis absorption spectra strongly overlap, and both isomers
can be excited with a single wavelength. In the cases where trans and cis spectra do not overlap, SRGs
do not form using one wavelength [63-64]. This proves that the cycling of chromophores, and not
simply isomerization, is required for grating formation. Mass transport has an optical origin and the
thermal effect is negligible. The overall temperature change under irradiation of a few hundred
mW/cm2 is too small to cause any evident changes to the material’s properties [65]. A convincing
proof is that SRGs form well below the glass transition temperature (Tg). A careful study on the
temperature dependence of SRG formation reveals that the SRG formation rate decreases with
increasing temperature. SRGs do not form around the Tg temperature [10, 66]. The study of formation
and thermal erasure of SRG on samples with alternating thickness reveals that SRG formation and
erasure involve mass transport over a length of 150 nm [67]. Mass transport leads to a π phase shift
between the grating and the interference pattern; that is, the molecules are moving away from the
bright region [32,68].
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2.3.1 Characteristics of SRG formation
Photoinduced SRG formation depends on the wavelength, polarization, and intensity of the pump
beams, as well as on the molecular weight, chemical structure, and thickness of the thin film.
According to Equation 2-1, as long as the pump beam is in the absorption spectrum of the sample, the
pitch of the grating can be modified by altering the wavelength or the incident angle. SRG formation
due to mass movement requires a specific range of pump beam intensities, and strongly depends on
the polarization of the pump beam. Herein, a few characteristics of SRG are highlighted.
2.3.1.1 Intensity dependence
The nature of surface modification at high intensities of a few W/cm2 and at moderate intensities of
a few hundred mW∕cm2 can be quite different. At higher intensities, reversible mass transport may
have no effect or may only play a partial role in the surface deformation, while photothermal and
photochemical effects play an overriding role. Distinctively, at higher intensities, the formed SRGs
are in phase with the interference pattern [69]. By controlling the pump beam power, in-phase and
out-of-phase SRGs can be inscribed simultaneously (Figure 2-5). An experiment is reported where a
lens was used to focus the interference pattern of two beams of the same intensity from a CW Ar+
laser onto a sample [69]. The beams focused with a Gaussian intensity distribution, where the
intensity decreased sharply from the central area to the outer perimeter of the exposed region. The
morphology study using AFM (atomic force microscopy) revealed the existence of two kinds of
gratings on the exposed area. At the center of exposed area, in-phase gratings formed; at the edge of
the exposed area, out-of-phase gratings formed. When the intensity of incoming beams reduced to
moderate intensities, while the out-of-phase gratings formed and saturated at the perimeter, no inphase gratings formed in the center.
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Figure 2-5: In-phase and out-of-phase gratings with respect to the illuminated interference
pattern formed simultaneously due to the different intensities over the irradiated area
[Reprinted from ref 69]
2.3.1.2 Polarization dependence
The polarization of the pump beam is the main factor determining the orientation of the
azobenzene molecules. Explicitly, the induction of birefringence gratings strongly depends on the
polarization of the interfering beams. Knowing this, in the early years of SRG research, many studies
focused on the polarization dependence of SRG formation [6,70]. It was revealed that the
characteristics of SRGs strongly depend on both intensity and polarization variation [71].
The total electric field and irradiance of the interference pattern can be completely different from
that of the interfering beams. A general schematic of the interfering beams is presented in Figure 2-6.
The plane of incidence refers to the plane containing the wave vector of the incoming beams and the
surface normal, which is identical to x-z plane of Figure 2-6. Vertical polarization, in direction of the
y-axis, is referred as s-polarization, and p-polarization is along the plane of incidence. Surface normal
is along z-axis.

Figure 2-6: A general schematic of two beams interfering with an angle of 
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Superposition of s-s polarized beams with the same intensity results in only intensity modulation,
meaning that polarization over the entire irradiated area remains same as the polarization of the
inscribing beams in the y direction. On the contrary, when the polarizations of the interfering beams
are orthogonal to each other, such as the interference of p- and s-polarized beams, there is only
polarization modulation; intensity over the entire exposed area is constant and is equal to the sum of
the intensity of the interfering beams. The pure intensity, or polarization modulation, triggers very
weak surface modulation, and a small diffraction efficiency of about one percent is reported [6].
Interference patterns of 45° and -45° linearly polarized beams with respect to the y-axis will always
have both intensity and polarization modulation, providing that they are not collinear ( ≠ 0). For
parallel inscribing beams (=0), similar to the s and p combination, there will be only polarization
modulation, which will result in weak surface deformation. For angles  > 0 the beams are nonorthogonal to each other, hence both polarization and irradiance vary spatially over the interference
pattern. An over ten percent diffraction efficiency is reported for interference angles of above 20° [6].
Similarly, superposition of right and left-handed circularly polarized (RCP: LCP) beams results in
both polarization and intensity modulation for non-zero interfering angles (Figure 2-7). The largest
amplitude of SRG is reported for this case, with a diffraction efficiency of over twenty percent. The
total electric field will be linear, varying from vertical polarization at the center to horizontal
polarization at the edge of the interference fringe [6].
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Figure 2-7: AFM scans of SRGs formed using different polarization combinations create light
interference pattern (a) and (b)represents only intensity modulation, (c) only polarization
modulation and (d) ,(e) and (f) polarization and intensity modulation , a) s:s, b) RCP:RCP, c)
s:p, d) p:p, e) 45:-45, f) RCP:LCP [Reprinted from ref 6]
2.3.1.3 Enhancing SRG formation using an assisting incoherent beam
Using an assisting beam, surface modulation, and hence, the diffraction efficiency of the grating
inscribed with s:s polarization, can be significantly increased (from almost 0 to 20%) [72- 73]. The
assisting beam should be incoherent to the interfering beams so that it does not influence the
interference pattern. When the polarization of the assisting beam is orthogonal to the recording beams,
the inscription rate improves. However, when the assisting beam polarization is aligned with the
polarization of the interfering beams the process become inefficient. The assisting beam does not
interfere with the two recording beams, it just adds light everywhere in the irradiated area and
enhances the trans-cis-trans cycling of azo chromophores. When a thin film of azo-material is
irradiated with an s-s light interference pattern, in the bright regions, the azo molecules fall
perpendicular to the s direction; whereas in dark regions they have random orientation. Then, when
the assisting beam with an orthogonal polarization to the s-direction is added, azo chromophores
absorb the light and go through the isomerization cycle. However, the chromophores in the bright
17

regions will have a higher rate of isomerization as they were in the same direction as the assisting
beam polarization, which enhances surface modification. When the assisting beam polarization is in
direction of s, it will not help isomerization in bright regions, but will increase the isomerization rate
in the dark regions. Hence, it almost erases the formed deformations.
2.3.1.4 Surface deformation using a single focused beam
An experiment using a single focused beam is conducted to better understand spatial relation
between surface deformation and light modulation [68]. A focused Gaussian beam has well-defined
intensity and polarization profiles. Intensity distribution and size of the focal point can be directly
measured. The experimental results indicate that at an intensity range of a few hundred mW/cm2,
crests form at the edge of the focal point, corresponding to lower intensity, and troughs form at the
center of focal point, corresponding to high intensity [68]. The direction of the surface deformation is
determined by the direction of polarization. For a one-dimensional Gaussian beam polarized
perpendicularly to the intensity gradient, no significant surface deformation is recorded. This is proof
of the π-shift of the SRG relative to the interference. For an intensity range of a few hundred W/cm2, a
central peak in the surface profile appears in addition to the peripheral peaks. In this case,
photothermal effects and photochemical reactions, such as the degradation and bleaching of the
chromophores, are found to dominate the surface deformation [69].
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Figure 2-8: a) AFM scans of surface deformation irradiated with focused beam that is a)
linearly polarized, I = 238 mW/cm2, b) circularly polarized, I=230 mW/cm2, c) one dimensional
linearly polarized, I=314 mW/cm2, d) linearly polarized, I=541 W/cm2. Polarization direction is
indicated with the arrow. [Reprinted from ref 69]
2.3.1.5 Surface deformation using different Gaussian modes of a tightly focused beam
The experiments regarding the polarization dependence of SRG formation and the surface
deformation under a single focused beam with a fundamental Gaussian mode convey that mass
migration occurs in the direction of the intensity gradient, and that the electric field should have a
component in this direction. However, experiments with tightly focused beams of higher HermiteGaussian modes or with Laguerre-Gaussian beams exhibit that surface deformation also depends on
the longitudinal component of the electric field (in the direction of light propagation) [74]. Figure 2-9
presents the surface deformation induced by a focused fundamental Hermite-Gaussian mode (HG00)
for vertical and horizontal polarizations alongside the total, transverse and longitudinal intensity
distributions. In the focal region, the electric field has a strong component in the propagation
direction. The estimated intensity at the focal spot is around 40 KW/cm2 [74]. To eliminate thermal
effects, the experiment is conducted at different intensities (Figure 2-9 (b)), and similar surface
deformation is obtained for low intensities, but with smaller height. Further experimental results with
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HG01 and Laguerre-Gaussian beams show the that longitudinal component of the electric field plays a
dominant role in the surface deformation on a thin film of 40 nm thickness [74].

Figure 2-9: a) AFM scans of surface deformation induced by tightly focused HG00 (a-i)
horizontally polarized beam, (a-ii) vertically polarized beam, (a-iii) calculated total intensity
distribution, (a-iv) transverse (

| Et2 || Ex2 |  | E y2 |

) and (a-v) longitudinal intensity distribution

at focal point. b) Surface deformation for different intensities. [Reprinted from ref 74]
In addition, it has been recently shown that the wave-front of the pump beams plays a significant
role in surface deformation [7]. By using an optical vortex beam with different handedness, spiralshaped structures are obtained, indicating that mass movement is sensitive to the handedness of the
pump beam [75] (Figure 2-9). In a plane wave, the surfaces of identical phases (wave-fronts) are
parallel planes. However, in an optical vortex beam, wave-fronts are twisted around the beam’s
propagation direction in a way that the electromagnetic waves at the propagation axis cancel each
other out [76]. Hence, an optical vortex beam has a donut-shaped intensity distribution in the plane
perpendicular to its propagation direction (Figure 2-10 a and b). On each rotation around the beam
axis, the phase changes by 2πq, where q is an integer called vertex charge. Handedness of these
helical wave-fronts can be determined by q being positive or negative. Laguerre-Gaussian (LG) beams
are the best-known example of circularly or cylindrically symmetric beams with an optical vortex at
their propagation axis. These beams can be generated from a fundamental Gaussian mode by
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diffracting on optical elements, such as spatial light modulators, inducing the desired phase shift [77].
Figure 2-10 (c) and (d) present the spiral-shaped structures induced by a focused Laguerre-Gaussian
beam vertically polarized with different handedness (q= ±10) alongside the intensity pattern. Further
experiments with LG beams of different vertex charges indicated that mass movement is sensitive to
the spiral wave-front handedness and vertex charge [7,75]. These results show another controllable
feature of all-optical surface patterning on azo chromophores, allowing for the design of more
complex structures.

Figure 2-10: a) and b) schematics of the helical wave-front for optical vertex charge of q= ±3,
with donut-shaped intensity distribution on plane perpendicular to the propagation direction. c)
and d) Intensity distribution pattern with an associated AFM image of surface for optical vertex
charge of q= ±10 [Reprinted from ref 7]
2.3.1.6 Erasure of the gratings
SRGs formed due to mass transport are photoerasable, however if photothermal or photochemical
effects accompany the surface deformation, then a complete photoerasure is not possible. Analogous
to writing, photo-erasure of surface deformation requires large-scale mass transport and it is
polarization-sensitive. Usually a single beam with an intensity comparable to the inscribing beams is
used to obliterate SRGs [71]. Erasure is quantified as a decrease in diffraction efficiency and surface
deformation can be monitored with AFM [71]. The polarization of the erasure beam should be chosen
according to the polarization of the writing beams. A linearly polarized beam that is parallel to the
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grooves of the SRGs gives higher erasure compared to a circular polarized beam or a linearly
polarized beam that is perpendicular to the grooves [71]. Regardless of inscribing mechanism, thermal
erasure of SRGs is possible if the sample is heated above its glass transition temperature. However,
some exceptions are reported where the sample shows thermal stability [78].
2.3.2 Proposed Mechanisms of SRG formation
Several models have been proposed to explain the origin of the driving force behind the
macroscopic mass transport of azo moieties on the micrometer scale at temperatures well below the
glass transition temperature. Despite the large body of experimental studies, a model that copes with
all experimental observations has yet to be created. As mentioned, SRG formation strongly depends
on both the intensity and polarization gradients [32], and more recently it has been shown that surface
deformation also depends on the phase and wave-front of the inscribing beams [7]. Photofluidity due
to isomerization [8], and π-shift of the SRG relative to the interference pattern [69] under moderate
irradiation intensity of a few hundred mW/cm2 are a couple of the main observed features underlying
light-driven mass transfer.
2.3.2.1 Free volume model
One of the first models was proposed by Barrett [10]. The driving force for the mass migration was
assumed to arise from the free volume requirement of photoisomerization. The cis isomers require a
larger free volume than that of the trans isomers. Under exposure of a beam in the absorption band,
the population of the cis isomer increases. The higher free volume requirement of the cis, and the
volume requirement of the isomerization process itself, create the pressure gradients over the sample.
The mass transport takes place from the regions of high isomerization to the regions of low
isomerization. In this model, azo material is treated as a viscous fluid, and mass motion is governed
by the Navier-Stokes equation [79]. The mass-driven net force is equal to the product of mass and
acceleration of a unit volume of fluid. The acting forces are the pressure gradient and the momentum
transfer between the adjacent thin layers of a fluid. Deriving the equations of motion shows that
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surface modification depends on irradiation intensity, free volume, the third power of initial thickness
of the sample, and the inverse of the molecular weight [79]. These predictions cope very well with the
experimental results. In addition, the model predicts that materials flow out of the light, that is, πshifted SRGs form the interference pattern. The drawback of the model is that it is unable to explain
all aspects of the polarization dependence of SRG formation. For instance, the model cannot predict
the huge difference between gratings inscribed with (s,s) and (p,p) combinations. Another significant
mismatch of the model with the experimental results is that the model considers the mass movement
as a bulk phenomenon. However, experimental results prove that SRG formation is a surface-initiated
mechanism [80]. If the surface of the azo material is restricted through the deposition of ultrathin top
layers of transparent polymers, the formation of SRG dramatically decreases.
2.3.2.2 Optical-field gradient force model
The optical-field gradient force model postulates that SRGs originate from a dependence on the
polarization and intensity gradients, in a fashion similar to optical tweezers [11]. An optical electric
field E (r, t) induces polarization (Pind (r, t) = ɛo χ E (r, t)), where ɛo is permittivity of vacuum and χ is
the medium susceptibility. For a homogeneous, linear, and isotropic dielectric medium χ is a scalar,
but generally it is a tensor. The photoinduced polarization is aligned with and proportional to the
electric field. The time-averaged force density exerted on azo chromophores in a small volume is
given by:
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Considering E  Eo exp i (k .r ) , where k is wave vector, the force can be written in terms of
intensity:
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This indicates that chromophores experience a force if the optical field (polarization) has a
component in the direction of the intensity gradient. The force is zero when the polarization is
orthogonal to the optical field gradient. Hence, the force is along the K vector of the interference
pattern. This model explains the polarization dependence. The difference between the gratings
inscribed with s-s and p-p polarization is attributed to the fact that in the case of s-s, the electric field
of light does not have any component in the direction of intensity gradient. However, for a laser power
of few hundred mW/cm2, the estimated force density is two orders of magnitude smaller than that of
the gravitational force (104 N/m3) and it falls almost nine orders short of the force necessary for mass
transport [81]. Hence, the predicted electric field gradient force is too small to cause mass transport at
a molecular level. This model also cannot predict the spiral-shaped structures under illumination by
vortex beams.
2.3.2.3 Diffusion Model
The diffusion model attributes SRGs to an inchworm-like motion of the azo moieties during cistrans isomerization and reorientation [12]. When a molecule goes through the trans-cis-trans
isomerization cycle, it moves in the direction of its orientation before the isomerization. In a fashion
similar to the movement of a worm, the molecules can move randomly forward and backward. The
probability for an excited molecule to not collide during its migration decreases exponentially (exp (r/L)), where r is the distance it moves, and L is its diffusion length. Diffusion flow is proportional to
this probability multiplied by the number of chromophores that cross a given area after being excited
during a unit of time. The number depends on the light intensity, the angle between light polarizations,
and the molecular axis. This predicts that mass movement is from bright regions to dark regions,
consistent with experiment. The flux of molecules would be enhanced by pointing dipoles in the
direction of the light gradient (towards the dark regions). The model considers that molecules are
moving in direction of light polarization. Therefore, in the s-s case, chromophores move along the
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light fringes, resulting in weak surface deformation; in the p-p case they move in the direction of the
grating vector of light interference.
2.3.2.4 Random walk model
The random walk model [7,75], which is strictly equivalent to the diffusion model, is a
phenomenological model coping with light-driven spiral mass transport experiments. The model is
based on anisotropic light-driven molecular diffusion. In addition to bulk diffusion of the molecules,
the model covers surface effects, which explains mass movement under vortex beams. Molecular
distribution under irradiation is assumed to be same as in equilibrium condition, neglecting all lightinduced effects on it. The model introduces four different coefficients. The first coefficient controls
mass transport along the light intensity gradient and the second coefficient corresponds to mass
transport when the electric field is along the light intensity gradient. The third one explains mass
transport along the longitudinal component of the electric field. The last coefficient resembles the
wave-front effect on surface deformation. In real experimental conditions, the initial assumption of the
model is not valid. The molecular reorientation effect under illumination and the viscoelastic response
of the material should be considered to correctly predict the ratio between the coefficients [75].
2.3.2.5 Comments on the models
The SRG inscription depends on both illumination parameters (intensity, wavelength, polarization,
and interference pattern characteristics) and molecular parameters (molecular weight, the substituent
of azobenzene ring, and the number of azo molecules in the film). Due to the diversity of influencing
factors, the mechanisms involved in SRGs can be completely different, depending on the material or
experimental condition. The models proposed in the literature only explain discrete aspects of the
SRG formation and do not cope with all experimental observations. In liquid crystal azo-polymers, or
in higher laser intensities, SRG inscription is associated with thermal effects. However, in moderate
laser intensities and in azo-polymers or azo-glasses, SRGs are mainly due to light driven mass
transport.
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2.4 Self-organization
Self-organized periodic patterns are widespread in nature (Figure 2-11). Various aspects of these
self-organized patterns have been studied in different fields of science [82-83]. Different mechanisms
are involved in each condition, but they have one interesting fact in common: the ordered structure
arises spontaneously from disorder [84-85]. In other words, self-organization is an internal
phenomenon which arises out of the local interactions between the components of the initially
disordered system [86].
In photonics, periodically structured materials are essential in designing and improving the
performance of photonic devices such as lasers [87], waveguides [88], and fiber optics [89].
On azo-functionalized materials, in addition to photo-patterning using light interference, periodic and
often permanent surface structures or ripples can be produced using single laser beams. In this case,
no external interference pattern is applied, and thus the structures form spontaneously. Similar to SRG
inscribing, the mechanism responsible for the surface deformation might be totally different
depending on the azo-material used or the experimental conditions.

Figure 2-11: Examples of self-organized periodic patterns in nature (Ripple pattern on sandflats left at low-tide, Ripple pattern on a desert sand dune, Hexagonal structure of a honeycomb
and ice frost on a window)
2.4.1 Laser-Induced Periodic Surface Structure (LIPSS)
Laser-induced periodic surface structures (LIPSSs) form on almost any material upon irradiation
with a single beam of sufficient intensity [90]. These irreversible periodic structures can be formed
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using many different wavelengths on a large variety of materials such as semiconductors, metal, and
dielectrics, providing that the pump beam intensity is sufficient to cause a phase change (melting or
annealing) [91]. The experimental results show that the period of the LIPSS depends on the material,
the wavelength and incident angle [92]. Usually the LIPSS involves formation of ripples parallel to
the direction of polarization, with a grating vector perpendicular to the polarization. A LIPSS can
grow inside a flounce region; at low energy, no irreversible surface deformation occurs, and at high
energy, the order of the structures collapses and irregular structures greater than the laser’s
wavelength form [93].
On the surface of polymers, for the first time LIPSSs without any ablation were generated with a
series of low flounce, one thousand pulses of the polarized beam of the excimer laser (193 and 248
nm) [94]. Switching from inorganics, like germanium, to organics like polyethylene terephthalate at
wavelength 248 nm, the necessary flounce to form an LIPSS reduces from 500mJ/cm2 down to10
mJ/cm2. Most polymers strongly absorb ultraviolet light and are transparent in the visible spectrum.
Hence, initially LIPSSs were generated on polymers using excimer lasers. However, irradiation within
the visible spectrum results in a more regular surface structure than irradiation with ultraviolet light
[95]. Due to the fact that the photon energy from the ultraviolet laser source is greater than or near that
of the bonding energy of the polymer (4–5 eV), photolysis reactions often occur along with the
formation of LIPSSs. As a result, highly regular surface structure is difficult to obtain. However, the
photon energy of visible light is much lower than that of ultraviolet light and the bonding energy of
polymers. Visible light is therefore likely to generate a LIPSS without leading to photodegradation, if
the polymer contains groups that absorb that specific light [95]. On azobenzene polymers, LIPSS and
SRG formation can be induced simultaneously [96-57].
Structures induced by the interference pattern of two pulsed laser beams with s-polarization and of
two pulsed laser beams with p-polarization were characterized. In the case of p-polarized interference,
up to 100 shots induced ripples perpendicular to the direction of polarization. Over 100 shots, ripples
parallel to the direction of polarization began to grow, and finally quasi-regular egg crate-like
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structures were induced (Figure 2-12 (b)). The interference pattern first induced a holographic SRG
structure and then the LIPSS formed. The grating vector of holographic SRG is perpendicular to that
of the LIPSS. On the other hand, interference of s-polarized pulsed beams, for any number of shots,
induced distinct ripples perpendicular to the direction of polarization (Figure 2-12 (c)). In this case,
the grating vector of the SRG is perpendicular to the direction of beam polarization, and thus the
grating vectors of the holographic SRG and the LIPSS are parallel to each other [96].
Different mechanisms have been proposed for LIPSS formation depending on whether the
illuminated surface supports plasmon, polariton or surface-guided waves [97-98]. A general
theoretical explanation is based on self-scattering of the primary beam by random irregularities into
the illuminated surface [99]. These initial irregularities can be any sort of anomaly in the physical
properties, such as variation in density of material, surface height, or electron density [91]. An
incoming beam interferes with the self-scattered beam. The self-induced interference pattern gives rise
to the corresponding irregularities, and scatters more light in the specific direction. Finally,
irregularities, which are able to scatter the pump beam into the grazing angle, grow in size and wash
up other surface roughnesses, leading to the formation of periodic surface structures.

Figure 2-12: a) AFM picture of structures induced by p-p-polarized interference beams. (a)
After 100 shots, (b) after 200 shots. c) AFM picture of holographic SRG induced by s-spolarized interference beams [Reprinted from ref 96]
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2.4.2 Spontaneous SRGs
A lesser-investigated fact is that SRGs can be inscribed under uniform single-beam irradiation with
a moderate power of a few hundred mW/cm2. Spontaneous SRG (SSRG) formation is based on the
mass migration property of azo-functionalized materials. Similar to LIPSS formation, it is considered
that the incident beam is scattered by tiny surface defects, leading to interferences between the
scattered beams at the grazing angle and the incident beam. The self-organized interference pattern
then initiates SSRG formation (Figure 2-13). As the grating grows, more light is trapped into the
sample and couples into counter-propagating guided modes [100], which interfere with the incident
beam, thereby causing the SSRG to grow over the irradiated area. A common proposed approach to
analyze self-organized grating formation under single beam illumination is the stimulated Wood’s
anomaly model [73], in which a diffraction order is coupled into the sample.

Figure 2-13: a) Flowchart illustrating formation of SRG under single beam exposure [reprinted
from ref. 101], b) Sketch of single beam irradiation alongside three-dimensional AFM image of
an SSRG
2.4.2.1 Wood’s anomalies
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In 1902, R. Wood reported an anomaly discontinuity in the distribution of diffraction orders in a
metallic grating [102]. For a beam polarized in the plane of incidence and perpendicular to the
gratings’ wavevector (TM polarization), depending on incident angle, there is a sharp decrease of one
order of diffraction. This sharp decrease depends on the polarization of the probe beam, and it does
not happen for a beam polarized parallel to the grating’s ripples (Figure 2-14). This kind of anomaly
was later reported on other metallic [103-104], metallic coated with dielectrics [105-106] and
dielectric diffraction gratings [107]. Using gratings with a depth larger than the wavelength, it was
demonstrated that weaker anomalies for TE polarization (polarized parallel to the grating) occur at the
same angles or wavelengths as TM anomalies [108]. Rayleigh proposed that one of diffraction orders
exhibit a sharp dip whenever some other diffraction orders at same wavelength is diffracted at grazing
angle [109-110]. Energy couples between diffraction orders.
There is a very close resemblance between self-organized gratings and Wood’s anomalies
observed in diffraction gratings. Self-organized gratings nucleate because of the interference pattern
between the incoming beam and the scattered beam in the grazing angle, and Wood’s anomalies occur
because of coupling of one order of diffraction in the grazing angle.
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Figure 2-14: First order diffracted energy versus diffraction angle for TM and TE polarization
of the incident beam with Wood’s anomaly dips in TM polarization. [Reprinted from ref 103]
2.4.2.2 The Rayleigh diffraction condition
According to the Raleigh diffraction condition a planewave incident on a periodic structure will be
perturbed and the wave-front will take the same periodic symmetry as the structure. For gratings, the
incoming wave will be chopped off in different directions depending on the incoming beam
wavelength, the incident angle and the period of the grating (Figure 2-15). Knowing that any periodic
function can be expressed in terms of Fourier transform, the electromagnetic waves passing through a
periodic structure can also be expressed in terms of the Fourier transform, where each term of the
Fourier series represents a spatial harmonic of the wave, and hence the diffraction orders:
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Figure 2-15: Diffraction gratings with different diffraction orders in transmission and reflection
regions
Diffraction direction can be found using the grating equation. The grating equation is a
consequence of the phase-matching condition. When an electromagnetic wave is incident on an
interface, the boundary condition requires that the tangential component of light wavevector to be
continuous. In Figure 2-16, the x-component of incidence beam should be equal to x-component of
the transmitted beam.

Figure 2-16: Schematic illustration of grating K-vector and light K-vector
Phase-matching condition:

ktra, x  kinc, x  mkg , x

Equation 2-4
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Where ktran,x is x-component of light wavevector in transmission region, kinc,x is x-component of
light in reflection region, and kg,x is x-component of grating wavevector. The longitudinal vector
component can be found using the dispersion relation:

| k tra || navg k inc |
| navg kinc | | ktra , z |2  | ktra , x |2

Equation 2-5

| ktra , z | | navg kinc |  | ktra , x |
2

2
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For large m, 𝑘𝑡𝑟𝑎,𝑧 becomes imaginary. This indicates that the higher diffraction orders are
evanescent. An evanescent wave does not propagate into second medium and its energy is
concentrated near the interface of the mediums. The evanescent wave decays exponentially as a
function of distance from the boundary.
So far, considering the phase-matching condition, the grating equation for transmission and
reflection region will become:

nref sin  m  ninc sin inc  m
navg sin  m  ninc sin inc  m


inc


inc


sin 
sin 
Equation 2-6

 minc sin 
(nref / avg sin  m  ninc sin inc )

Equation 2-7

Where θm is diffraction angle, θinc in incident angle, φ is the angle between normal to plane and
grating vector [111]. The grating equation (Equation 2-7) yields the direction and number of

Λ
diffraction orders. For a subwavelength grating of pitch

transmission and reflection (Figure 2-17 (a)). For a pitch of
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λ inc
n avg

, there will be only zero-order

λ inc
λ
<Λ< inc
n avg
n inc

, the grating acts like a

subwavelength grating in reflection mode. In transmission mode, depending on the grating pitch, there
will be diffraction orders emerging in the direction of the curved arrows in Figure 2-14 (b). When the
grating pitch is smaller than the wavelength, the grating cannot chop off the wave. When the grating
pitch is larger than the wavelength in either reflection or transmission area, there will be different
diffraction orders in the associated region. For a grating with a very large pitch compared to the
wavelength, there will be large number of diffraction orders, in such a way that the diffracted orders
overlap and resemble a continuous wave. The grating equation does not say anything regarding the
energy distributed in different diffraction orders. To get an idea regarding the energy distribution, the
Poynting vector should be derived using Maxwell’s equations (Equation 2-8). For a linearly polarized
electromagnetic plane wave of a fixed frequency, the Poynting vector and the k-vector of the wave are
in the same direction, perpendicular to the electric and magnetic fields [111].
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Equation 2-8

Where, η is material impedance, which is the ratio of the transverse components of the electric and
magnetic fields.

Figure 2-17: Sketch of a) a subwavelength grating b) a gating with a pitch larger then incident
wavelength and smaller then wavelength in the medium c) and d)a grating with a pitch larger
than the wavelength in either reflection or transmission area. The arrows represent diffraction
orders and curved arrows represent the direction of emerging diffraction orders [111].
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2.5 Applications
Azobenzene moieties, due to their photoresponsive properties, have a wide range of applications in
photonics. Having two different isomers, trans and cis, azobenzene derivatives are excellent molecular
switches [112]. Upon photoisomerization, the medium undergoes a volume change, which can be
utilized for photo-controllable mechanical work (Figure 2-18 (a)) [113]. A crystallizable azo
compound can transform the volume change during the trans–cis isomerization to macroscopic
bending [114]. Photoalignment of azobenzene molecules via polarized light creates polarizationsensitive devices for holographic data storage (Figure 2-18(b)) [115,116]. Furthermore, the
photoinduced mass migration of azobenzene-functionalized material has a significant application
potential in the fabrication of diffraction gratings to use as different optical elements, such as
plasmonic sensors[117], nano-imaging [22,118], and in photovoltaic cells as light-harvesting
structures (Figure 2-18(c))[119].
The simple holographic procedure of inscribing, the controllable surface topology, and the
reversibility of SRGs make them a crucial candidate for a variety of photonic elements. In addition,
once it is inscribed, the SRGs preserve their quality for several years under ordinary storage
conditions [120]. The surface pattern on azobenzene materials can be used as an optical active
medium or it can be utilized to pattern other materials.
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Figure 2-18: a) Photoinduced bending of azobenzene-functionalized material [Reprinted from
ref 113], b) Schematic illustration of the photo-orientation of azobenzenes with polarized light;
the photoalignment of azo molecules rotates the polarization azimuth. c) Schematic
representation SRGs as diffraction gratings
2.5.1.1 Diffraction gratings
SRGs can be utilized as transmissive or reflective diffraction gratings, according to the
characteristics of their substrate. When SRGs are on a transparent substrate, they diffract light in both
the transmission and reflection regions. With a metal layer coating on top, diffraction will be
enhanced in the reflection region, and depending on the thickness of the metal layer, diffraction in the
transmission region will be reduced sharply. A high diffraction efficiency of 30% is reported for
SRGs [121]. The diffraction efficiency depends on the grating’s depth; larger amplitude SRGs result
in higher diffraction efficiency. Generally, an azo-material subjected to an interference pattern will
have a number of superimposed gratings inscribed on it [67]. During laser irradiation, the bright
regions will have a higher cis fraction than the dark regions of the interference pattern. Because of
different refractive index of cis and trans isomers, a chemical grating is induced. This chemical
grating will decay after the irradiation stops. In addition, the polarization-dependent orientation of azo
chromophores will lead to a birefringence grating [122]. These are phase gratings, which diffract light
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based on the spatial variation of the refractive index. The birefringence grating is stable at room
temperature. Stopping the irradiation, the diffraction decays due to orientation relaxation [123]. The
surface relief grating is stable at room temperature and has a high diffraction efficiency due to largeamplitude surface modification. The chemical and birefringence gratings are related to molecularscale motion (azo chromophore isomerization and orientation), whereas the topographical grating
involves nanometric-scaled lateral motion.
2.5.1.1.1 Distributed Feedback Laser
The possibility of inscribing SRGs with different spatial frequencies opens the door to a variety of
applications. Considering the absorption band for common azo-materials and the interference angle of
the pump beams, a pitch range of 500-2500 nm is possible for the SRGs [6]. However, SRGs with
periods down to 200 nm using UV irradiation are reported for an azo-polymer presenting an
absorption band shifted to the Ultra Violet (UV) region of the spectrum [6].
SRGs can be applied as spectral filters [124] in optical waveguides and as frequency-selective
mirrors in laser resonators [125]. The gratings will diffract the different wavelengths into different
directions. In distributed feedback (DFB) lasers [126], an SRG is used in at least one of the mirrors.
The periodic structure reflects propagating waveguide modes without the need for good quality
mirrors to provide the feedback [127]. A particular set of wavelengths will be diffracted into
counterpropagating waveguide modes. This condition applies when the Bragg condition is satisfied:

m  2neff 

Equation 2-9

Where λ is the wavelength of the light, Λ is the period of the structure, m is an integer that
represents the order of the diffraction and neff is the effective refractive index. The full theory of DFB
lasers is somewhat more complicated than this simple diffractive picture.
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Figure 2-19: Schematic representation of a diffraction grating as a resonator along one axis
[reprint from ref 127]
2.5.1.1.2 Surface Plasmon Resonance
Surface plasmon resonance (SPR) is resonant oscillation of conduction electrons in the interface of
a metal and a dielectric [128-129]. SPR involves electron oscillation in the metal and electromagnetic
waves in the dielectric (Figure 2-20). SPR is an electromagnetic wave trapped on the surface that
decays exponentially away from the interface as an evanescent field [130].
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Figure 2-20: a) Schematic illustration of electromagnetic wave and surface charges at the
interface between the metal and the dielectric material [reprint from ref 129] b) Dispersion
relation for surface plasmons. The lines (a) and (b) are the dispersion relations for the light in
medium εd1 and εd2 respectively. Curves I and II represent the SPR dispersion for the interfaces
[reprint from ref 131]. (c) Kretschmann geometry. (d) Grating coupled surface plasmon
[reprinted from ref 134 ]
The evanescent fields for an incident wave beyond the critical angle are useful for coupling
radiation to SPRs [131]. When light reaches an interface at an incident angle θ, part of the light will
reflect at same angle of incident. The transmitted light will propagate at the angle given by Snell’s
law:

n1 sin 1  n2 sin  2

Equation 2-10

However, when n1>n2 at an angle greater than the critical angle, the wave cannot propagate in the
second material. The wave that arrives at the interface with the angle of incident greater than the
critical angle will totally reflect. Close to the critical angle, there will be evanescent fields penetrating
into the second material. They are spatially decaying fields in a direction normal to the interface. If the
z axis is considered as normal to the interface, and x as the propagation direction, then the evanescent
wave can be expressed as:
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E  E0e kz z exp(it  ikx x)

Equation 2-11

The surface plasmon existence condition and dispersion condition can be found by solving
Maxwell’s equation under the appropriate boundary conditions [132]. For an interface of two semiinfinite nonmagnetic media with dielectric constants of 𝜀𝑥 and 𝜀𝑦 separated by a planar interface at y
=0, the tangential component of the electric field (Ex) is continued across the interface. However, for
the z direction (normal to the interface), Ez is forced to change if ε differs [Error! Bookmark not
defined.-133]. Discontinuity of Ez at the interface results in oscillation of electrons, and therefore in
the generation of an SPR. Hence TE-polarized incident irradiation (E parallel to the interface) will not
normally cause the creation of charges at the interface, but TM-polarized waves (E normal to the
interface) will automatically create charges at the interface. Solving Maxwell’s equations gives:
Existence condition:
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Dispersion condition:
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Equation 2-13

Where ω is the angular frequency, k is the wave vector and c is propagation velocity in a vacuum.
The SPR existence conditions indicate that if εd represents permittivity of dielectric media, which is
positive, then εm should be negative. For metals, there is a plasmon frequency, where above this
frequency the dielectric constant is positive and below this frequency it is negative. This plasma
frequency (ωp) is:

ne e2
p 
 0 me

Equation 2-14

Where ne is the free electron density, e and me are the electron charge and mass respectively and εo
is the permittivity of free space. The dielectric constant of metals can be expressed as:
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m  1
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Equation 2-15

The momentum of the SPR wave (kspr) is larger than that of the light in free space (ko) for the
same wavelength (Equation 2-12). Therefore, there is a mismatch between the light and the SPR
momentum [130]. The mismatch must be overcome by coupling light and SPR modes at the interface
when

m  d  0
, then:
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By setting ω = ωspr :
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Equation 2-16

The plot of ωspr vs k for the interface of one metal and a dielectric is shown in the Figure 2-20,
curve I. Line (a) represents light in the dielectric (εd1). As it is shown apart from the origin, line a and
curve I never intersect. It means that in this geometrically correct wave vector and frequency for
surface plasmon excitation cannot be found. The momentum of the light and the SPR cannot be
matched. One way to excite SPR is to use a second interface (dielectric-metal-dielectric) where the
other dielectric has a greater dielectric constant. The light line (line b) in this dielectric intersects with
the SPR dispersion curve. Then, by tuning incoming angle, one can get proper k vector to match kspr.
Any kx between line a and b can provide this condition. In this configuration, the dispersion equation
would get complicated, but the basic physics remains the same [130]. Attenuated total reflection
(ATR) technique using a prism is a common way to excite evanescent fields of SPR (Figure 2-20(b)).
An alternative way of providing a wave vector appropriate for SPR excitation is to use diffraction
gratings (Figure 2-20 (d)) [134]. The grating diffracts the light in different orders, and the x
component of the wave vector of the diffracted light can be expressed as:
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k x ,m  k x  m

2


Equation 2-17

Where m is an integer representing diffraction orders. Hence, the 𝑘𝑥,𝑚 can be tuned to the SPR
wave vector.
A numerical investigation of SPR excitation using an SRG formed on azobenzene functionalized on
top of a metal layer compared with a rectangular corrugation grating made directly in the metal layer
shows that the excitation efficiency for a finite SRG is comparable with similar gratings made in
metal (Figure 2-21) [135]. This study exhibits that an effective light-coupling into SPR can be attained
even with a grating amplitude of less than 100 nm.

Figure 2-21: Schematic view of metal grating and surface relief grating in a polymer over a flat
metal. Wave vector of light coupled into SPR on gratings with left (Klspr) and right (Krspr) SPR
propagation direction is shown [reprinted from ref 135].
In addition to a single SRG [136], parallel [137] and crossed SRGs have been used for SPR
excitation [138]. On parallel gratings, SPR excitation efficacy were comparable with a single grating
in magnitude but were shown over a broader optical band. The broadening of the optical band was due
to the simultaneous SPR excitations by the two superimposed gratings in the parallel scheme [139].
Crossed SRGs are capable of exciting SPRs with both TM and TE-polarized incident light. Crossed
SRGs have been utilized for plasmonic photocurrent enhancements of organic solar cells [140-141] as
a biosensor for detecting changes in refractive index [142-143], and enhancement of light extraction
from organic light-emitting diodes [144].
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2.5.1.2 Substrate patterning
Patterned substrates are needed in photonic device fabrication for devices such as liquid crystal
(LC) displays, organic light emitting diodes and plasma display panels. A method to align LC
molecules in a cell is to use topologically patterned substrates [145-146]. SRGs on glass substrates
can be used for the alignment of LC molecules along the grating direction [147]. SRG on ITO slides is
used for papering patterned substrates using etching method [148].
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Chapter 3
Photoinduction of spontaneous surface relief gratings on Azo DR1 Glass
Exposure of thin films of materials functionalized with azobenzene chromophores to a single,
uniform beam with a moderate power of a few hundred mW/cm2 results in reversible surface relief
grating formation, owing to light-induced isomerization and mass movement. The formation of socalled spontaneous SRGs (SSRGs) depends on various experimental parameters such as wavelength,
polarization, incidence angle and power of the incident laser beam, as well as on the molecular
structure of the material [149]. In this study, Disperse Red 1 (DR1) was selected as the azo
chromophore, as it shows rapid SRG growth at the working wavelength and, being a single-molecule
material, helps mitigate the impact of the polymer’s rheology on SSRGs. Hence, polymer’s backbone
chain motion can be disregarded.
The polarization of the writing beam influences the orientation of the gratings, and it is
accompanied by a strong diffraction of the incident light into the sample plane, thereby providing a
way to couple and trap the light into the substrate. Interestingly, photobleaching upon prolonged
irradiation yields transparent gratings, and is partially reversible upon thermal erasure.

3.1 Disperse Red 1 azo glass
Molecular architecture has a predominant impact on the reorientation and mass movement of an
azo compound. Typically, SSRG growth is reported on azo polymers, where chain length and the
nature of the binding determine the shape and the growth rate of the SSRG [150-151]. To mitigate the
impact of the rheological effects of polymers, small molecules are an appealing alternative [152-153].
Furthermore, small molecules yield a more homogeneous behavior, not only between different
samples, but also within a given sample, because all of the molecules are identical [154]. While most
azobenzene derivatives readily crystallize, thereby limiting their usefulness for thin film applications,
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a glass-forming material incorporating the Disperse Red 1 chromophore (thereafter referred to as
DR1-glass) has been shown to form high-quality amorphous thin films [154, 155].
When the hydroxyl group of DR1 is interacted with molecular glass (mexylaminotriazine moiety),
physical properties, including Tg, can be tuned by modifying molecular structure.

Figure 3-1: a) The DR1 molecular-glass material used in this study, b) absorption spectrum

3.1.1 Thin Film Deposition
Smooth thin films of DR1-glass were prepared on glass substrates by spin-coating from a 3 wt %
CH2Cl2 solution on BK7 glass substrates (2 x 2 cm2). The solution was submitted to mechanical
shaking for 1 hour, and then filtered through a 0.45 µm filter. The deposited thin films were then dried
at 95 °C for 5 minutes to remove any traces of solvent

Figure 3-2: a) spin coating, b) prepared samples
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3.2 SSRG Inscription
A continuous-wave frequency-doubled Nd-YAG laser operating at λ = 532 nm was used as a pump
beam. The size of the collimated beam impinging onto the sample was controlled with a Keplerian
beam expander and an aperture. The polarization of the pump beam was controlled using half and
quarter wave plates. The irradiation angle was controlled by setting the sample on a rotating stage.

Figure 3-3: Experimental setup: L1 and L2 are lenses to expand the collimated beam
3.2.1 Method for studying the grating characteristics
One method to study the characteristics of gratings is to monitor the diffraction of a probe beam
that is not in the absorption band of the sample. By using the probe beam at normal incidence, the
growth rate and the period of the gratings can be recorded. In this thesis, SSRG formation was
monitored by measuring the diffraction intensity of a 10 mW He-Ne probe laser at 633 nm. The HeNe laser was incident-backwards on the area of SSRG formation, as irradiated by the pump beam,
illustrated in Figure 3-4. An optical chopper and lock-in amplifier was used to eliminate noise. The
diffracted beam from the probe was mechanically chopped and monitored by a silicon photo detector.
The signal was detected by a lock-in amplifier, digitized by an oscilloscope, and recorded by a
computer. A colored filter placed in front of the detector blocked off self-diffraction from the pump
beam.
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Figure 3-4: a) setup for studying diffraction intensity, b) back-diffraction pattern on a screen
To get the pitch of the gratings, a screen with a hole in center was inserted normally into the path
of either the probe beam or the pump beam at normal incidence. The pitch of the grating can be found
using following equation.



m
sin  m

Equation 3-1

Whereas 𝜃𝑚 is the diffraction angle and m is an integer representing the diffraction order.
Another method to study the morphological characteristics of the gratings is to use atomic force
microscopy (AFM). The basic principle of AFM is presented in Figure 3-5. An AFM consists of a
cantilever with a sharp tip at its end. Controlling the piezo scanners, the tip is brought close to the
surface of the sample. Then, the laser would be aligned on the probe tip and scans would begin. The
atomic force between the tip and the sample causes oscillation of the tip and deflection of the
cantilever, depending on the morphology of the sample. The laser beam would be reflected and
recorded using photodetectors. Hence, the position of the tip can be measured, knowing the position
and intensity of the reflected laser beam. Morphology of the sample will be captured knowing position
of the tip.
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Figure 3-5: Schematic representation of how AFM works
AFM can be operated in different modes, depending on the application and the sample material.
AFM modes can be classified into three groups depending on nature of the tip motion. In contact
mode, the tip touches the surface of the sample. This mode works best for hard materials such as
metals and ceramics, and also when there are no sharp edges on the sample. In tapping mode, the tip
will vibrate at its resonance frequency and it won’t drag on the surface. When the tip is brought into
intermediate contact of the surface, the vibrations will be altered. Damping of the tip’s vibration close
to the surface gives a measure of surface morphology. In non-contact mode, the tip won’t touch the
surface, it will just oscillate at its resonance frequency. When the tip is brought close to the surface,
the oscillation frequency will decrease [156].
AFM has a high resolution in order of a few nanometers. This is beyond the optical diffraction
limit. Optical microscopies have a low diffraction limit, and because the pitch of the gratings studied
here are close to that diffraction limit, optical microscopies will not provide a clear image of the
surface morphology. In the entirety of this research, the morphology of the samples was studied using
an Ambios Technology Q-Scope TM 250/400 Nomad Scanning Probe Microscope, operated in
tapping mode using BS-tap 300 Al tips (NANOANDMORE). The AFM scans were analyzed using
the Gwyddion software package.
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3.3 Spontaneous surface relief gratings
The irradiation of thin films of DR1-glass with a 300 mW/cm2 pump beam intensity resulted in
SSRG formation under both linear and circular polarizations, as evidenced by AFM (Figure 3-6). This
confirms that SSRG formation in azo-materials is optical, rather than rheological. The direction of the
gratings depends on the polarization direction of the pump beam, as shown in the AFM scans and the
associated Fourier transforms in Figure 3-6. For linear polarization, the SSRG consists of a patchwork
of domains with gratings along two different directions, with a grating vector of 40 ± 3 degrees
relative to the pump beam polarization direction. The maximum modulation depth is 80 ± 10 nm and
the grating pitch is 480 ± 30 nm for linear polarization. Circular polarization does not lead to any
preferential self-organized grating direction, instead yielding a lattice of dome-like structures with two
superimposed grating directions, with a grating depth after 1-hour irradiation (422 mW/cm2) 80 ±10
nm, respectively [157]. For normal incident light, gratings with a pitch λ/n0 are expected to form
according to the stimulated Wood’s anomaly theory [91], in which n0 is the effective refractive index
of the medium above the surface.
These gratings are optically reversible by inscribing an SSRG over an existing one with either
linear (perpendicular to the initial polarization) or circular polarization. However, only partial thermal
erasure was observed upon heating samples above their glass transition temperature (71oC) during 30
min at 115oC.
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Figure 3-6: AFM images and related Fourier transforms of the SSRGs inscribed with (a)
vertical and (b) -30 degree (c) circular pump polarizations. Sample thickness was 270 nm and
pump intensity was 300 mW/cm2. Scale bars on Fourier transforms are 5 µm-1 long. [reprinted
from ref 157]
The irradiated area shows significant bleaching, which increases with irradiation time and laser
intensity. It is understood that the cis isomers of azobenzenes can undergo reversible photocyclization
to the colorless dihydrobenzocinnoline derivatives, which can be irreversibly trapped upon reaction
with oxygen [158]. A study of thermal erasure reveals that the photoinduced bleaching is partially
reversible thermally, but reversibility of the bleaching decreases with irradiation time, eventually
yielding fully transparent gratings after 2h exposure. The bleaching is not related to SSRG formation
as it continues after SSRG amplitude saturation.
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First-order forward diffracted light can be coupled and trapped into the sample plane, with good
control over the grating parameters and out-coupling conditions. The position of the out-coupled light
varies with experimental parameters such as light polarization, thickness of the substrate, and diameter
of the irradiated area. The first-order diffracted pump beam can be reflected onto the azo film in
different locations and induce new periodic structures which could couple light out from the substrate
(Figure 3-7(a)). This is evidenced by the observation of back-diffracted light (Figure 3-7(b)). As a
result, in addition to the irradiated area, four other faded areas outside the irradiated area are observed
(Figure 3-7(c-d)). Glass substrates with different thicknesses (100 micrometer, 1mm, 3mm and 1cm)
are used. By increasing the glass substrate thickness, the distance between these side areas relative to
the central irradiated area also increases. For instance, Figure 3-7(e) illustrates substrate of one cm
thickness; the diffracted beam is out coupled from the side edge of the substrate.

Figure 3-7: a) Coupled light pathways in films of DR1-glass, b) back diffraction pattern, c)
SSRG and side lobes under laser beam irradiation and d) in the absence of the laser (for
substrate thickness of one mm), e) trapped light in substrate for substrate thickness of one cm
AFM scans of the four side lobes reveal the existence of an incoherent surface deformation,
indicating that the SSRG provides strong enough first-order forward diffraction that the diffracted
beams can induce mass transport of the azo-material (Figure 3-8). However, these deformations do
not construct coherent gratings in the absence of the incident beam and look similar to dewetted

51

patterns [159]. This indicates that irradiation from the backside of the sample did not lead to coherent
SSRG formation.

Figure 3-8: a) AFM images of side lobes formed by light coupling [reprinted from ref 157] b)
Fourier transform c) associated diffraction pattern
The incoherent surface deformation on the side lobes suggests that light coupling between the
incident laser beam and scattered light at the sample’s free surface is the origin of SSRG formation,
that is to say SSRG formation is a surface-initiated process. To further investigate this idea, samples
were irradiated from the substrate side. Ripples with a 3-5 µm-pitch were formed in that situation
(Figure 3-9) and dependence of this surface deformation on light polarization was investigated. The
wave vector of the ripples aligned perpendicularly to the light polarization. This indicates that
increased fluidity along the polarization direction is the main cause of the ripples. The phenomenon
cannot be attributed to photothermal effects because under the laser intensities used, the temperature
of the azo film would not increase enough to promote any significant photothermal effects [65].
However, repeated trans-cis-trans photoisomerization soften the matrix of the azo film, and induce
photofluidity as would happen under the influence of heat [160].
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Figure 3-9 :a) Ripples formed by vertically polarized irradiation from the substrate side
[reprinted from ref 157], b) corresponding diffraction pattern
3.3.1 Influence of irradiation intensity
When the writing beam is switched on, the SSRG is generated on the surface of the thin film, and
the diffraction intensity of the probe beam increases with time. The growth rate gradually increases
under illumination, and finally, the signal reaches its highest level and saturates. Further illumination
does not affect diffraction intensity.
Figure 3-10 shows the diffraction efficiency of the SSRG inscribed with the vertical polarization at
normal incidence recorded as a function of time for identical samples irradiated with different pump
intensities. Diffraction efficiency is a measure of diffracted beam intensity compared to the incident
beam intensity. Diffraction efficiency depends on probe beam polarization, grating profile and depth
[161]. For a SSRG with 80 nm depth one would expect around 10 percent of incoming beam to be
diffracted into first order diffraction. However, the first-order forward diffracted light of SSRGs (at 46
±2 degrees) satisfies the total internal reflection condition at the glass substrate/air and the DR1glass/air interfaces, and it couples into the sample. Diffraction efficiency in figure 3-10 is measured
for the second-order forward diffracted light.
As gratings are generated on the film surface, the diffraction intensity of the probe increases. AFM
has shown that the SRGs reach their maximum amplitude in 10 min [154]. It takes about 20 min for
SSRGs to reach their maximum amplitude in Figure 3-10 (a), which shows that self-organization
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requires additional time to settle. We also see in Figure 3-10 that diffraction intensity continues to
grow after 20 min irradiation, meanwhile the modulation amplitude reaches its maximum. This may
be attributed to photoinduced transparency which takes place after relief formation. For intensities
below 25 ±5 mW/cm2, ordered SSRGs did not form, whereas intensities above 3W/cm2 caused
ablation of the material. In this intensity range, the growth rate is proportional to the intensity, but the
gratings saturate to the same amplitude.

Figure 3-10: (a) Diffraction intensity as a function of time for different laser beam intensities.
(b) SSRG modulation amplitude measured by AFM, and surface roughness (RMS) over time
[reprinted from ref 157].

3.4 Summary
SSRG formation on azo-functionalized small molecules is investigated at temperatures below Tg
using a laser at moderate powers, where thermal effects are negligible. The results indicate that an
azo-polymer is not a requirement for SSRG formation, but that the material should be glassy under
illumination. At this temperature, fluidity of the material originates from photoisomerization.
SSRG formation is surface-initiated, meaning that sample should be irradiated from azobenzene
side, and SSRG formation requires a free surface. Substrate side irradiation does not result in SSRG
formation, instead yielding micron-level ripples due to photofluidity along the light polarization
direction. SSRGs form according to the stimulated Wood’s anomaly theory, where the incoming beam
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and the self-scattered beam at the grazing angle yield a spontaneous interference pattern on the sample
surface. The dependence of the grating growth rate on the intensity of the writing beam was studied.
The rate of grating growth increases as a function of laser intensity, but the gratings saturate at the
same modulation amplitude, independent of the laser intensity. These gratings can be erased optically
and thermally. The fabricated SSRGs provide a flexible way to couple light into the sample, leading
to the formation of incoherent surface structures. Light polarization is the main factor determining the
orientation of the structures. In the following chapters, surface roughness effects and polarization
dependence of SSRG formation will be investigated in more detail.
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Chapter 4
Unraveling the nucleation and growth of spontaneous surface relief
gratings
As mentioned in pervious chapters, spontaneous surface relief gratings (SSRG) formation initiates
from noises. The incident beam is scattered by tiny surface defects, leading to interferences between
the scattered beams at the grazing angle and the incident beam. This self-organized interference
pattern then initiates SSRG formation. As the grating grows, more light is trapped into the sample and
couples into counter-propagating guided modes, which interfere with the incident beam, thereby
causing the SSRGs to grow over the irradiated area. In pervious chapter, growth and erasure of
SSRGs on DR1-glass were investigated. It was proven that SSRG formation in azo-materials is
exclusively optical. Entanglement of light coupling in SSRG growth was confirmed by observing
directional back-scattered light. It has been evidenced that SSRG grow due to interferences between
the incident light and beams scattered by the sample. Nevertheless, our comprehension of how SSRG
originate from surface defects, grow, and organize into well-defined domains remains inadequate.
SSRG formation takes place in three time-periods: nucleation, growth and saturation. Growth and
saturation periods were previously modeled comprehensively using diffusion and coupled wave
theory [162]. Herein, the nucleation and growth of SSRG on films of DR1-glass is studied using
Atomic Force Microscopy (AFM). Samples with controlled surface roughness were prepared either
using electric field corona poling on smooth thin films or during film deposition using various
solvents, with the expectation that SSRG would grow at an even greater rate in these cases, because of
the light scattering caused by the already present defects [163].
SSRG formation is correlated with the induction of birefringence in the early stages of the
irradiation. Herein, birefringence was monitored in DR1-glass and two analogues with similar
chromophores to establish a correlation between SSRG nucleation and the induction of birefringence
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in the early stages of irradiation. The results and discussions presented in this chapter is published in
the reference [164].

4.1 Experimental
4.1.1 Thin Film Deposition
Smooth thin films of DR1-glass were prepared using same procedure as presented in chapter 2.
The Dewetted films containing dome patterns was obtained by spin-coating from CH2Cl2/ethanol
(9:1) solution under the same conditions of smooth films, while films with pores could be generated
by spin-coating from THF/H2O (9:1) [165].
4.1.2 Electric Field Poling
The surface roughness of DR1-glass films could be increased by using corona poling using a
process described in the literature [166]. Samples were annealed at various temperatures above their
glass transition temperatures (Tg) while an electric field was applied. Temperature was controlled
using Cole-Parmer Digi-Sense temperature controller and a hot plate. Samples were placed on a hot
plate and heated to the desired temperature (75 or 90 °C), then an electric field of 8 kV was applied
for 30 min. The metallic hot plate surface acts as one of the electrodes, while the other electrode was a
thin metallic wire, which was held horizontally 0.9 cm above the sample. The corona discharge
voltage was supplied by a Hippotronics High-Voltage DC power supply. Samples with root mean
square (RMS) surface roughness ranging from roughly 5 to 125 nm, as measured by AFM, were
generated depending on the temperature.
Alignment of azobenzene molecules during corona poling is not a concern, because the electric
filed is terminated while the samples was on hot plate. The alignment would be erased because of
thermal relaxation.
The setup used to inscribe SSRG is identical to that described in the third chapter (Figure 3-3).
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4.2 Study of SSRG growth by Atomic Force Microscopy
The SSRG growth was studied by monitoring the surface topology by AFM. The Samples of DR1glass films exposed to the Nd-YAG writing beam for various periods of time under linear polarization
(Figure 4-1) [164]. The surface of the film was first confirmed to be topologically flat. Irradiation with
the writing beam initially induces deformations on the surface of the material in the form of circular
protrusions approximately 500 nm in diameter and with height increasing as a function of irradiation
time (Figure 4-1 (a-b)). These light-induced defects then nucleate SSRG by scattering the incident
light; thereby generating an interference pattern between the incident and scattered beams, leading to
the formation of ripples in a rhombic lattice around these defects (Figure 4-1 (d-e)). Those ripples then
gradually spread over the surface, and gradually deepen to generate a patchwork of domains along
two different orientations, with some areas still part of two crossed gratings (Figure 4-1 (f-g)). These
domains eventually equilibrate into larger domains with distinct boundaries (Figure 4-1 (1h)). Twodimensional Fourier transforms of these AFM images illustrate the growth of these gratings, first with
the formation of reflections in a rhombic pattern, then with the apparition of longer range reflections
along two orientations.
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Figure 4-1: AFM images of films of DR1-glass irradiated with a linearly polarized laser with λ =
532 nm and an irradiance of 300 mW/cm2 for various periods of time: (a) 0 s, (b) 30 s, (c) 45 s,
(d) 60 s, (e) 90 s, (f) 5 min, (g) 10 min, and (h) 15 min. Two-dimensional Fourier transforms are
also shown for each image. The laser polarization direction is set vertical with respect to the
figure. Scale bars on Fourier transforms are 5 µm-1 long. [reprinted from ref 164]
Although about twice as fast, the same process is observed under circular polarization (Figure 4-2).
Circular protrusions about 500 nm in diameter first form, then ripples in a circular pattern emerge
from the material around these protrusions, eventually leading to the formation of a circular grating
where the surface is littered with similarly shaped grains arranged in hexagonal patterns, rather than
parallel grooves.
59

As SSRGs originate from surface defects that are induced by light during the initial phase of
irradiation, SSRG growth was studied on films of DR1-glass in which surface defects were previously
generated, with the expectation that SSRGs would grow at an even greater rate in these cases, because
of the light scattering caused by the already present defects. For this study, films with varying degrees
of surface roughness and defect shapes were prepared according to four conditions: 1) electrical
poling under a 8 kV field at 75 ºC for 30 minutes, 2) electrical poling under a 8 kV field at 85 ºC for
30 minutes, 3) deposition by spin-coating from THF/H2O (9:1), and 4) deposition by spin-coating
from CH2Cl2/EtOH (9:1). Initial average RMS surface roughness for films prepared under these
conditions are listed in Table 4-1.
Table 4-1: Initial RMS surface roughness for films of DR1-glass.
Film Processing

RMS Surface Roughness (nm)

Spin-coating, CH2Cl2

1.69

Electrical poling, 8 kV, 75 ºC, 30 min

8.6

Electrical poling, 8 kV, 85 ºC, 30 min

128

Spin-coating, THF/H2O (9:1)

90.4

Spin-coating, CH2Cl2/EtOH (9:1)

144
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Figure 4-2: AFM images of films of DR1-glass irradiated with a circularly polarized laser with
λ= 532 nm and an irradiance of 300 mW/cm2 for various periods of time: (a) 0 s, (b) 150 s, (c) 5
min, (d) 10 min, (e) 60 min. Two-dimensional Fourier transforms are also shown for each image.
Scale bars on Fourier transforms are 5 µm-1 long. [reprinted from ref 164]
By graphically removing the gratings from the images, it is possible to observe the topology of the
underlying film (Figure 4-3). While the film is initially smooth, SSRG formation under linear
polarization induces the formation of plateaus in the film separated by ridges and crevices (Figure 4-3
(a-b)). On the other hand, irradiation under circular polarization induces some degree of deformation,
but mostly in the form of circular holes (Figure 4-3 (c-d)). Upon closer observation, the different
plateaus observed in SSRGs grown under linear polarization correspond to the different SSRG
domains in the films, while the ridges and valleys are located at the boundaries between domains. It is
believed that these surface irregularities emerge from molecular diffusion due to domain growth,
which exerts either a converging (ridges) or diverging (valleys) force at the boundaries. On the other
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hand, as circular SSRGs do not form separate domains with specific directionality, no such
deformations are observed.

Figure 4-3: AFM images of films of DR1-glass irradiated with a laser with λ= 532 nm and an
irradiance of 300 mW/cm2 for 25 min: (a) linear polarization, (b) the image in (a) with the
grating graphically removed using a two-dimensional Fourier transform filter, (c) circular
polarization, (d) the image in (c) with the grating graphically removed using a two-dimensional
Fourier transform filter. Scale bars on Fourier transforms are 5 µm-1 long. [reprinted from ref
164]
DR1-glass samples poled at 75 ºC for 30 minutes yielded films that contained a surface defect
density similar to that observed during the initial irradiation with the writing beam. Expectedly, SSRG
formed on these pre-patterned films at a rate similar to that observed for topologically flat films, for
both linear (Figure 4-4) and circular polarization (Figure 4-5). Unexpectedly, while the SSRG depth
increased at a similar rate, the domain organization progressed much slower in the case of linear
polarization, with significant portions of material part of crossed gratings, even after 25 minutes. After
extended exposure (90 minutes), domains were mostly formed, but even in this case, the domains
were much smaller than those of SSRG inscribed on smooth films. Counting the number of grains in a
100 µm2 area has revealed an average of approximately 30 grains for smooth films after 30 s
irradiation, in comparison to 150 grains for films dewetted at 75 ºC. Domain size thus seems to be
correlated with the grain density. As each grain nucleates gratings along two orientations, a higher
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grain density will result in more overlap between nascent gratings, which lead to increased
competition and a higher area of crossed gratings, thereby reducing domain size.

Figure 4-4: AFM images of films of DR1-glass poled at 75 ºC under a 8 kV field for 30 min and
irradiated with a linearly polarized laser with λ= 532 nm and an irradiance of 300 mW/cm2 for
various periods of time: (a) 0 s, (b) 150 s, (c) 5 min, (d) 10 min, (e) 15 min, (f) 25 min, and (g) 90
min. Two-dimensional Fourier transforms are also shown for each image. Scale bars on Fourier
transforms are 5 µm-1 long. [reprinted from ref 164]
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Figure 4-5: AFM images of films of DR1-glass poled at 75 ºC under a 8 kV field for 30 min and
irradiated with a circularly polarized laser with λ= 532 nm and an irradiance of 300 mW/cm2
for various periods of time: (a) 0 s, (b) 60 s, (c) 150 s, and (d) 10 min. Two-dimensional Fourier
transforms are also shown for each image. Scale bars on Fourier transforms are 5 µm-1 long.
[reprinted from ref 164]
Films spin-coated from a THF/H2O (9:1) mixture showed an irregular surface topology littered
with pores rather than grains. These concave structures cannot scatter light in a way that can cause an
interference pattern necessary for SSRG formation. It can be observed that unlike films with small
grains, films with pores behaved similarly to topologically smooth films, with surface deformations
occurring within 30 s of irradiation, then SSRG nucleating, growing, and organizing into domains
(Figure 4-6). The presence of pores thus did not perturb the SSRG formation, thereby implying that
SSRG formation is a surface-initiated phenomenon, as these pores do not contribute to light
diffraction inside the film.
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Figure 4-6. AFM images of films of DR1-glass spin-coated from THF/H2O and irradiated with a
linearly polarized laser with λ= 532 nm and an irradiance of 300 mW/cm2 for various periods of
time: (a) 0 s, (b) 60 s, (c) 150 s, (d) 5 min, (e) 10 min, and (f) 20 min. Two-dimensional Fourier
transforms are also shown for each image. Scale bars on Fourier transforms are 5 µm-1 long.
[reprinted from ref 164]
Graphically filtering the gratings from the images of films poled electrically reveals an absence of
boundary deformations, in sharp contrast with smooth films (Figure 4-6 (a-b)). This is arguably a
result of smaller and less well-defined domains. This graphical treatment also enables to clearly
observe the deformation of the pores in films spin-coated from THF/H2O (Figure 4-6 (c-d)). It can be
observed that the formation of SSRG causes a gradual elongation of the initially circular pores along
the polarization direction, which is caused by photofluidization along the polarization direction.
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Figure 4-7. AFM images of films of DR1-glass irradiated with a laser with λ= 532 nm and an
irradiance of 300 mW/cm2: (a) film of DR1-glass poled at 75 ºC under a 8 kV field for 30 min
and irradiated for 90 min, (b) the image in (a) with the grating graphically removed using a twodimensional Fourier transform filter, (c) film of DR1-glass spin-coated from THF/H2O and
irradiated for 20 min, (d) the image in (c) with the grating graphically removed using a twodimensional Fourier transform filter. [reprinted from ref 164]
In the case of films containing large grains, which were obtained by spin-coating from
CH2Cl2/EtOH, SSRG formed at a much slower rate, with small grooves being noticeable after 5 to 15
minutes exposure, and fully formed SSRG being visible after 30 minutes (Figure 4-8). A similar
behavior was observed with films dewetted by electrical poling at 85 ºC (Figure 4-9 (a-e)). In these
cases, the directionality of the gratings is dependent on the shape of the grains and local curvature,
with the direction of the grooves roughly perpendicular to the longest dimension of the grains. In a
fashion similar to the elongation of the pores observed in the films deposited from THF/H2O, SSRG
growth in these two cases caused the gradual flattening of the grains. Under linear polarization, this
flattening was more accentuated in the direction perpendicular to the grating grooves. On the other
hand, this effect was significantly more pronounced under circular polarization (Figure 4-9(f-i)),
where after one-hour exposure, the presence of a grainy surface had completely disappeared, with the
resulting SSRG being similar to those inscribed on an untreated film. If photofluidization leads to
deformation of the surface defects in the direction of the polarization, circular polarization leads to a
simultaneous flattening in all the directions, leading to a faster smoothing of the surface.
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Figure 4-8. AFM images of films of DR1-glass spin-coated from CH2Cl2/EtOH (9:1) and
irradiated with a linearly polarized laser with λ= 532 nm and an irradiance of 300 mW/cm2 for
various periods of time: (a) 0 s, (b) 5 min, (c) 15 min, (d) 30 min, and (e) 60 min. [reprinted from
ref 164]
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Figure 4-9. AFM images of films of DR1-glass poled at 85 ºC under a 8 kV field for 30 min and
irradiated with a linearly or circularly polarized laser with λ= 532 nm and an irradiance of 300
mW/cm2 for various periods of time: (a-f) linear polarization: (a) 0 s, (b) 5 min, (c) 15 min, (d)
30 min, and (e) 60 min (f) 90 min; (g-j) circular polarization: (g) 0 s, (h) 5 min, (i) 15 min, (j) 60
min. [reprinted from ref 164]

4.3 Birefringence Measurement
As birefringence is known to be induced in the first stages of irradiation of azobenzene-containing
materials as a consequence of dipole alignment. Birefringence was monitored in DR1-glass and two
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analogues with similar chromophores, with 4-(phenylazo) phenyl and 6-nitrobenzathiazolyl groups,
termed Azoglass-470 and Azoglass-530, respectively (Figure 4-10).

Figure 4-10: The chemical structure of Azoglass-470 and Azoglass-530. [reprinted from ref 164]
Photoinduced birefringence was monitored using a He-Ne laser with an irradiance of 80 mW/cm2.
The sample was placed between crossed polarizers, and the transmission of the probe beam was
recorded. An Nd-YAG laser with a wavelength of 532 nm and an irradiance of 65 mW/cm2 was
incident at 45-degrees onto the azo film, as shown in Figure 4-11. Photo-isomerization and
reorientation of the azo molecules induces photo-anisotropy, and the change in refractive index is
calculated by the equation:

n 

o
I (t )
sin 1 (
)
d
Io

Equation 4-1

69

Where λo, d, I(t) and I0 are the wavelength of the probe beam, the thickness of the film, and the
irradiances of the transmitted and incident probe beams, respectively. The pump beam power was kept
low to induce birefringence without causing surface deformation.

Figure 4-11: Birefringence measurement setup. [reprinted from ref 164]
While the rates of birefringence induction for DR1-glass and Azoglass-470 are closely similar,
very little birefringence is observed for Azoglass-530, hinting that the alignment of the chromophores
of Azoglass-530 is very slow (Figure 4-12). For DR1-glass and Azoglass-470, the similar rates of
birefringence induction suggest that reorientation of azo moieties happens at the same rate. There are
two azo groups in the chromophore of Azoglass-470, which can each isomerize separately and give
rise to four different isomers. Arguably, the isomerization in Azoglass-470 is fast but less controlled,
resulting in rapid agglomeration of the molecules in surface defects, which do not scatter light
efficiently in the sample surface, thereby leading to smaller gratings.

70

Figure 4-12: Photo-induced birefringence as a function of time for DR1-glass, Azoglass-470 and
Azoglass-530. [reprinted from ref 164]
To compare SSRG nucleation in DR1-glass and the two other analogues, SSRG formation was
also probed for the correspondent azo-glasses for various periods under linear polarization. Azoglass470 is known to form SRG upon irradiation with interfering laser beams at a rate slightly slower than
DR1-glass, while irradiation of Azoglass-530 only yields very shallow gratings and requires a
stronger irradiance and longer exposure times [167]. Single-beam irradiation of Azoglass-470 films
was found to result in surface deformations in the initial stages of exposure, followed by the formation
of small SSRG following two domain orientations, in a fashion similar to DR1-glass (Figure 4-13 ae). However, in the case of Azoglass-470, the surface deformations generated were larger than for
DR1-glass, and continued to grow with time, while the gratings obtained were significantly smaller,
with a maximal amplitude of 20-30 nm reached after 5 min, and a grating pitch similar to that of DR1glass. On the other hand, irradiation of Azoglass-530 films under the same conditions did not result in
any changes in the topology of the films (Figure 4-13 f-h). No surface deformations were observed,
even after 10 minutes exposure, and consequently, no SSRG were formed. These observations further
confirm the role of these surface deformations formed in the initial stages of irradiation as seeds for
the formation of SSRG.
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Figure 4-13: AFM images of films of Azoglass-470 and Azoglass-530 irradiated with a linearly
polarized laser with λ= 532 nm and an irradiance of 300 mW/cm2 for various periods of time. (ae) Azoglass-470: (a) 0 s, (b) 30 s, (c) 5 min, (d) 10 min, and (e) 20 min; (f-h) Azoglass-530: (f) 0 s,
(g) 5 min, and (h) 10 min. [reprinted from ref 164]

4.1 The origin of light induced initial surface defects
With all these observations about initial protrusion formation leading to the efficient construction
of well-defined SSRGs, it is legitimate to question about the origin of these hills. We can apply Hertz
theory to find out the pressure P that would be needed to induce the surface protrusions with 2a = 500
nm diameter and height d = 20 nm in Figure 4-1b [168].

P

16Yd
9 a

Equation 4-2

In which Y ≈ 4000 MPa is the Young modulus of the glass measured by dynamic mechanical
analysis [169] and a Poisson ratio of 0.5 was assumed for an incompressible glass. We get P ≈ 180
MPa.
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This is significantly larger than both the radiation pressure Plaser ≈ 10−5 Pa exerted by the laser
beam during the experiment, and the pressure Plaser ≈ 50 Pa that could be exerted by other authors in
pulsed laser experiments reported by other authors [170]. An alternative explanation is offered with
the anisotropic photoinduced translation diffusion of azobenzenes [12]. Azobenzene moieties migrate
by diffusion along their long axis when they undergo repeated cis-trans isomery. Under a given area
A, the rate k of cis-trans isomerization in a sample of thickness h submitted to a laser intensity I is:
k  Nt 

I



cos2 ( ) Ah

Equation 4-3

In which Nt is the density of azo moieties in the trans isomer in the glass, Φ is the quantum
efficiency for cis-trans isomery, σ is the absorption cross-section of the molecules, ℏω is the photon
energy and 〈cos2(θ)〉 is the average orientation of the molecules' transition moment with respect to
the laser polarization direction. It was observed that when excited with longitudinally polarized laser
(perpendicular to the surface), the azo material protrudes out of the surface under the laser beam
[171]. When the molecules are excited with a uniform laser beam with transverse polarization, the
molecules mostly tend to move into the plane, with negligible effect on the surface. However, the
orientation average 〈cos2(θ)〉 is strongly affected by photoinduced birefringence which orients the
molecules perpendicularly to the laser beam polarization. The molecules then can protrude out of the
surface, which explains the initial hill formation. Photoinduced birefringence impacts the stationary
distribution of azo chromophores. This is a key parameter in SSRG formation. This provides an
explanation to the observation that no SSRGs could form in Azoglass-530 under identical laser
exposure conditions (Figure 4-12). This also provides an explanation to the observation that SSRG
formation was faster under circularly polarized light compared to linearly polarized light. Indeed,
when excited under linear polarization, molecules tend to align into the plane perpendicular to the
polarization direction, of which only half is perpendicular to the surface; meanwhile, when excited
under circular polarization, molecules tend to align in the direction perpendicular to the polarization
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plane, which is the direction perpendicular to the surface. This reasoning thus explains why the SSRG
formation happens twice as fast under circularly polarized light compared to linearly polarized light.
Looking more carefully at Equation 4-3, birefringence also explains why linear polarization excitation
induces a pair of gratings with crossed orientations in Figure 4-1. Indeed, birefringence depletes the
population of molecules aligned along the laser polarization. In consequence, the excitation rate k is
maximized into a cone of directions centered on the laser polarization, which projects on the surface
into the two ≈±40° directions observed in Figure 4-1.

4.2 Summary
SSRG nucleation and growth was monitored on samples with various ranges and sizes of surface
defects. Formation and propagation of SSRG under linear and circular light irradiation have been
studied. On topologically flat surfaces, irradiation initially induces the formation of protrusions with a
500 nm diameter as a result of mass transport due to repeated cis-trans isomerization. Ripples then
gradually form around these defects, leading to the formation of gratings which spread over the
sample. For linear polarization, a patchwork of grating domains in two different directions formed,
whereas for circular polarization, grains arrange in a circular pattern. It has been proven that light
coupling due to the defects, which are capable of diffracting light into the sample, is responsible for
SSRG formation. Further, samples with different range of defects were prepared using either corona
poling at different temperatures or by spin-coating with various mixtures of solvents. Pore defects do
not diffract light at the free surface of the sample and do contribute to the SSRG formation,
reinforcing the hypothesis that SSRG formation is surface-driven. Optimal growth rate is achieved for
defects with dimensions close to the grating pitch, and larger defects slow down SSRG formation.
These large defects eventually flatten and elongate in the direction parallel to the light polarization
due to directional photofluidization.
SSRG nucleation and growth also have been studied on two analogous azobenzene glass-forming
derivatives, Azoglass-470 and Azoglass-530. While irradiation of Azoglass-470 resulted in SSRG
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formation at the same rate as DR1-glass, the gratings saturated at a lower height, and photo-induced
surface defects were significantly larger, which is believed to be a consequence of more erratic mass
movement due to the presence of two azo groups. On the other hand, no surface deformations, and
consequently no gratings, were observed upon irradiation of Azoglass-530. These findings have
highlighted some crucial elements of the nucleation of SSRGs that were instrumental in establishing a
comprehensive model for their formation.
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Chapter 5
Disentangling the formation of SSRG and patterns in DR1 azo-glass
Prediction of light-induced mass-migration direction is an ongoing research challenge in all-optical
surface patterning of azo-functionalized materials. While polarization dependence of mass movement
has been widely studied, the role of molecular orientation is not completely settled in the proposed
mechanisms for the light driven mass movement [12,75]. Herein, real-time anisotropy experiment is
conducted to study the role of the optical anisotropy in determining the direction of the SSRGs Kvector. Furthermore, formation of SSRG under different polarizations at different incident angles is
studied. Interestingly, under oblique irradiation of a beam polarized with a combination of p- and spolarizations, chiral structures were inscribed on azo thin films. While it is possible to thusly generate
both bidimensional (2D) and tridimensional (3D) chirality, 2D chirality is especially attractive
because of its non-reciprocity. Herein, 2D chirality is induced on the surface of a glass-forming DR1glass by irradiation with a single laser beam, yielding crossed SSRG with different pitches. Azimuth
rotations up to 10° have been observed, and the absence of 3D chirality has been confirmed [172].
This method thus allows generating non-reciprocal planar chiral objects by a simple, single irradiation
on a thin film of a material that can easily be processed over large areas or onto small objects. Part of
results and discussions reported in this chapter is published in the reference [172]

5.1 Anisotropy of the photo-induced orientation
Trans-cis-trans isomerization is fundamental for light induced motions in azo-materials. While,
trans –cis transition is light induced, cis transforms back to trans state by photo- and thermal
isomerization. Photoisomerization induce polarization-selective orientation, however, orientation
memory can be lost during thermal cis-trans isomerization. Hence upon polarized beam exposure, the
ratio of pure orientation and isomerization without orientation determines final orientation
distribution.
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Herein, real-time dichroism experiment to investigate dynamics of optically induced anisotropy
and eventually to predict the SSRG growth direction on thin films of a DR1-glass is presented.
5.1.1 Real-time dichroism experiment
Nd-YAG laser at λ = 532 nm was used as pump and probe beam. Using a beam splitter, the laser
beam is split in two beams, pump and probe beams. The size of the collimated pump beam impinging
onto the sample was controlled with a Keplerian beam expander. The beam was set perpendicular to
the sample, and its polarization was set vertical. The probe beam is reflected by a mirror and after
being attenuated it crosses the pump beam with a small angle. The probe beam polarization is set at
45° from that of pump beam. The transmitted pump beam is blocked, and the transmitted probe beam
passes through a polarized beam splitter. The probe beam splits in two orthogonally polarized beams,
parallel and perpendicular to the pump beam polarization. The transmitted intensity of both
polarizations is measured simultaneously.

Figure 5-1. Experimental setup; BS: beam splitter, L: lenses to expand the beam, λ/2: halfwave plate, A: aperture, S: sample, PBS: polarized beam splitter, D: detector, M: mirror, DF:
density filter.
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5.1.2 Light induced dichroism
Dichroism measurement provides information regarding orientation distribution of azobenzene
molecules. Dichroism is a consequence of different absorptivity of the two orthogonal components of
a polarized beam.
Upon polarized irradiation, if photo selective isomerization occurs without orientation, a large
number of cis isomer will be generated, and this would result in a hole burning in distribution of trans
isomer [32]. In this case, concentration of azo molecules parallel and perpendicular to the pump beam
would decrease. Hence, absorption of probe beam in parallel (A||) and perpendicular (A) direction
with pump beam polarization will decrease. Whereas if pure polarized orientation occurs, azo
molecules fall perpendicular to pump beam polarization and A|| decreases and A increases.
Depending on cis isomer life time, these two phenomena are competing to determine geometrical
order of the azo benzene molecules [32].
SSRG formation direction is correlated with orientation redistribution of the azo molecules. If pure
polarized orientation dominates, the number of azo molecules perpendicular to the polarization
direction increase. According to diffusion theory [12] it is expected that diffusion takes place in
parallel to polarization direction leading to SSRG with a K vector parallel to pump beam direction.
Induced absorption anisotropy - dichroism- by a linearly polarized light irradiation into a DR 1Glass for two different polarization intensities is measured using the setup in Figure 5-1. Recording
transmitted probe beams starts while the pump beam is off. When pump beam is turned on, A||
reduced sharply and then reach a constant value (60 % reduction of absorption). However, A is not
affected noticeably (4 % increase in absorption) (Figure 5-2). Molecules with dipole momentum
along the exciting light polarization fade and absorption of probe beam in this direction decrease by
turning on the pump beam. However, negligible variation of A indicates that distribution of azo
molecules perpendicular to polarization direction is not increasing affectively. The two processes of
isomerization without orientation and pure polarized orientation are equally competing and resulting
in average orientation distribution. Since initially samples are amorphous and absorbance in all
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direction is same, and after illumination A is dominate only by four percent, it is expected that
average orientation redistribution be along 45°±5°.
Time scale for orientation redistribution is very small compared to that of diffusion. When a
molecule comes to a certain point, its orientation has instantaneously relaxed to the average
orientation distribution at that point. For DR1-azo glass because the two processes are equally
competing SSRG with a K vector of ±40° from polarization direction forms.
When the pump beam is turned off, thermal isomerization converts back cis to trans isomers, both
A|| and A increases. The memory of molecules reorientation is not completely wiped out by turning
the pump laser off, and a net remnant anisotropy is observed.

Figure 5-2: Variation of absorbance (optical density (O.D.)) of a thin film of DR1-glass with
thickness of 300 nm with a) 25 mW/cm2, and b) 100 mW/cm2 pump beam intensity. With probe
beam of 0.25 mW/cm2 intensity.
Assuming that trans to cis isomerization is purely polarized transition, and defining isotropic
absorbance as:

Ai 

( A||  2 A )

Equation 5-1

3

Anisotropy as:
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A  A||  A

Equation 5-2

The optical order parameter will be:

S

A
 n2 P2 (cos  )
3 Ai

Equation 5-3

Where n2 is the isomer’s geometrical order parameter, which is independent of the spectral
properties of the chromophore, and P2 is the second order Legendre polynomial,  is the angle that
defines the orientation of a transition that corresponds to the analysis wavelength versus the
irradiation wavelength transition. If the probe and pump beam have same wavelength, then:
Cos () = 0, and P2 (cos )=1 [32].
While the pump beam is on, absorption of the probe beam decreases by irradiation time, it reaches
a constant value eventually. In this state, n2 is measured using Equation 5-3 to be 0.27 ±0.04 for pump
beam intensity of 100 mW/cm2, and 0.17 ±0.04 for pump beam intensity of 25 mW/cm2. When the
pump beam is off, absorption of the probe beam increases and saturates eventually and n2 reaches 0.1
± 0.01 for both intensities. The isotropic and anisotropic absorption depends on the irradiation
intensity during photo-orientation. A|| decreases by increasing intensity of pump beam, however A
remain same, indicating the fact that average distribution of orientation is not depending on intensity
at least in this rage of intensities.

5.2 Incident angle and polarization
To further investigate the pump beam polarization effects on SSRG direction, formation of SSRG
with different pump beam polarization at different incident angle is studied. For oblique irradiation
under an incidence angle ϴ, owing to the different wave-vector projections of the incident beam on
the sample plane in different directions, crossed gratings following stimulated Wood anomalies with
different pitches are obtained. The direction of the gratings still is determined by the optical
anisotropy and the pitch of the gratings is determined by the phase matching conditions (Equation 27).
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If Kg is parallel to the Ko sin ϴ and scattered beam is at grazing angle with same phase as the
incident wave, then the pitch of the gratings is given by:





Equation 5-4

no (1  sin  )

For Kg perpendicular to the Ko sin ϴ, the spacing is given by





Equation 5-5

no cos 

To obtain different incident angles, samples were rotated about y-axis (vertical axis) (Figure 5-3).

Figure 5-3: Different polarization states in respect to the sample
5.2.1 S-polarization
For the pump beam polarized in s direction (y direction) rotating the sample about y-axis, do not
change the projection of the polarization on the surface of the sample. Polarization on the surface of
the sample remain unchanged regardless of incidence angle. In this case, rotating of the sample only
modifies the projection of k-vector on the sample. As the angle of incidence increases the pitch of the
SSRG increases (Figure 5-4). Deviation of Kg vector of SSRG from polarization direction remain
same for different incident angle (Figure 5-5).
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Figure 5-4: AFM images of thin films of DR1-glass irradiated with a s polarized beam of λ = 532
nm and an irradiance of 300 mW/cm2. Two-dimensional Fourier transforms are shown for each
image. a) 10°, b) -10° c) 20°, d) -20° e) 30° f) -30° g)40° and h) -40° incidence angle. Scale bars on
Fourier transforms are 5 μm-1 long. Polarization direction is shown with the arrow.
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Figure 5-5: SSRGs-K vector deviation from polarization direction, for s polarization, at
different incidence angles
5.2.2 P-polarization
Electric field of p-polarized incident beam on a rotated sample about y axis will have x and z
component. Increasing incident angle results in greater z component of the polarization. This results
in complex structures for incident angle greater than 20° and the amplitude of the structures increases
by increasing incident angle (Figure 5-6).
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Figure 5-6: AFM images of thin films of DR1-glass irradiated with a p polarized beam of λ = 532
nm and an irradiance of 300 mW/cm2. Two-dimensional Fourier transforms are shown for each
image. a) 10°, b)20°, c) 30°, and d) 40° incidence angle. Scale bars on Fourier transforms are 5
μm-1 long. The polarization direction is shown with the black arrows which are in x-z plane.
5.2.3 Combination of s and p polarization
Superposition of s and p polarization in forms of linear polarization at 45° and 30° from y-axis (s
polarization) (Figure 5-7 and Figure 5-8) and circular polarization (Figure 5-9) is studied at different
incident angle. While s component of polarization remains unchanged, p component on a sample tilted
about y-axis changes by cos θ and sin θ in x and z direction. For incident angle greater than 20°
crossed gratings with different pitches form. Light configuration in respect to the sample is a chiral
arrangement, and it can form planar chiral structures [172]. Optical activity of the chiral grating has
been studies in next section.
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Figure 5-7: AFM images of thin films of DR1-glass irradiated with a 45° polarized beam of λ =
532 nm and an irradiance of 300 mW/cm2. Two-dimensional Fourier transforms are shown for
each image. a) 10°, b)20°, c) 30°, and d) 40° incidence angle. Scale bars on Fourier transforms
are 5 μm-1 long.

Figure 5-8: AFM images of thin films of DR1-glass irradiated with a 30° polarized beam of λ =
532 nm and an irradiance of 300 mW/cm2. Two-dimensional Fourier transforms are shown for
each image. a) 10°, b)20°, c) 30°, and d) 40° incidence angle. Scale bars on Fourier transforms
are 5 μm-1 long.
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Figure 5-9: AFM images of thin films of DR1-glass irradiated with a circular polarized beam of
λ = 532 nm and an irradiance of 300 mW/cm2. Two-dimensional Fourier transforms are shown
for each image. a) 10°, b)20°, c) 30°, and d) 40° incidence angle. Scale bars on Fourier
transforms are 5 μm-1 long.

5.3 Chirality
Chiral systems play an important role in nature and in our lives, from spiral galaxies to biologically
active molecules such as DNA, amino acids, and sugars [173]. Various aspects of these asymmetric
systems have been studied in different fields of science [174-175]. In photonics, chiral configurations
are utilized for manipulating electromagnetic waves for designing and improving the performance of
photonic devices [176-177]. In addition to chiral structures that can be found in nature, recently there
has been increasing interest to fabricate artificial chiral structures using methods such as electron
beam lithography and chemical self-assembly [178-179]. These structures show promise for
applications in technology including quantum computing [180], optical communication [181],
negative refraction [182], polarization control [183], sensing [184], coupling, amplification, and
optical switching [185-186].
Chirality can be classified as two-dimensional (2D) or three-dimensional (3D) according to nonreciprocity of the polarization rotation. An object or a system is 3D chiral if it is non-superimposable
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with its mirror image by rotation in any direction. This definition applies for 2D chirality only if the
rotation occurs in the plane. The helicity of a 3D chiral object is not direction-dependent; it keeps its
handedness even if it is flipped. A 3D chiral structure exhibits chiral-optical properties in the forms of
circular birefringence and circular dichroism, which are identical for opposite wave propagation
directions [187]. Circular birefringence is the consequence of a different propagation speed between
left and right-handed circularly polarized light, and it manifests as an optical rotation of the plane of
polarization. On the other hand, circular dichroism is a consequence of different absorptivity of leftand right-handed circularly polarized light, and is displayed experimentally as an ellipticity change
[187](Figure 5-10).

Figure 5-10: Optical activity arising from 3D chirality, a) Circular birefringence: different
propagation speed between left and right-handed circularly polarized light result in optical
rotation of the polarization azimuth, b) Circular dichroism: different absorptivity of left- and
right-handed circularly polarized light result in ellipticity change
In contrast, the helicity of a 2D chiral object is reversed for wave propagation in the opposite
direction, as 2D chiral objects show planar symmetry. The chiral optical properties of a system can be
either due to the individual chiral elements, or due to geometrical chirality, i.e. the chiral arrangement
of non-chiral elements. Geometrical chirality vanishes if the individual elements are rearranged
randomly, whereas molecular chirality will remain even if the molecules are randomly oriented in the
plane [188]. Two-dimensional chirality is highly desirable in order to reduce the size of optical
isolator, devices which are needed in optical communication systems [189-190]. Analogous to diodes,
optical isolators allow transmission of light in one direction [191], and typically they are applicable
for creating desired feedback in a laser cavity. Optical isolators usually require a magnet to benefit
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from the Faraday effect, which is non-reciprocal. The magnetic field cause rotation of incoming beam
polarization due to Faraday effect (Figure 5-11). The rotation angle is given by

  Bd

Equation 5-6

Where υ is Verdet constant of the material, and d is the length of the rotator.

Figure 5-11: Faraday rotator with a polarizer and an analyzer
The advent of efficient 2D-chiral materials and surfaces should permit to reduce the size of optical
isolation devices to just a thin-film coating [189-190].
5.3.1 2D chirality
There is some confusion in the literature regarding the source of optical activity for geometrical
chiral structures. Optical activity cannot be a direct result of geometric 2D chirality [188]. Planar
chiral-optical effects can be interpreted differently depending on the type of material used or the size
of the structures. In the case of chiral metal nanostructures, the chiral-optical effects are related to
surface plasmon resonance (SPRs) [192]. For metallic chiral microstructures (aligned gammadion),
the optical activity is attributed to an induced current resulting from charge carriers which impulsion
points in the direction opposite to the gammadion legs [193-194]. In bi-layer conjugated structurebecause of intermolecular coupling effects- optical activity of the structure enhances (Figure
5-12)[195]. However, the same kind of chiral patterns have been inscribed on dielectric films, and
similarly non-reciprocal optical activities have been recorded [196], where induced current or SPR
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does not play any role. The important fact about planar chirality in dielectrics is that the change in
polarization depends on the alignment and geometry of each individual element. If the structural
components are aligned randomly, the structure is achiral. The dependence of optical rotation on the
geometry of the planar chiral structure shows that chirality is not due to any chirality from the
individual elements. Otherwise, the change in polarization of the output beam should depend on the
excitation generated by the probe light rather than on the geometry itself. It was proposed that the
optical activity of 2D chirality in dielectrics is a consequence of diffraction [196].

Figure 5-12: Schematic illustration of bi-layer conjugated double Z structure

5.4 Chirality transfer from light to surface relief
In a similar way that a chiral structure interacts with electromagnetic waves to induce circular
birefringence and circular dichroism, electromagnetic waves can interact with materials to induce
chirality. The chiral configuration of light can be recorded on a photoresponsive material, by inducing
the formation of chiral structures in the material [197-198]. Azobenzene materials are suitable
candidates to record chiral structures because they are sensitive to polarization and incidence angle.
The generation of both 2D and 3D chirality has been reported on azobenzene materials using one
simple holographic step [198-199]. While most azobenzene derivatives are achiral, chiral structures
can be inscribed on them as a result of orientation and mass movement [200]. 3D chirality is related to
the helical orientation of the optical axis of an azo thin film. When the azo film is irradiated with a
polarized beam, azo molecules on the surface isomerize and reorient with respect to the polarization
of the light, then the optical axis of the top layer will rotate light polarization, which will in turn
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induce a new rotated optical axis in the layer underneath. As a result, the overall orientation of the
optical axis will be helical, and therefore optically active.

Figure 5-13: Schematic illustration of helical rotation of optical axis of azo functionalized
material for left-handed elliptically polarized and right-handed elliptically polarized light
[Reprinted from ref 200]
Under certain experimental conditions, planar chiral structures can also be inscribed on azo thin
films [198]. The azo film acts as a data storage media, and information from the laser, such as
wavelength, polarization and irradiation angle, gets stored into the azo material. Light absorption by
the azo molecules, which depends on the angle between the light polarization and the azo transition
dipole moment, regulate the reorientation of the azo molecules and the mass movement direction.
Under chiral experimental conditions, the SSRG thusly formed may be chiral.
5.4.1 Optical activity measurement
To evaluate the chirality of the gratings inscribed with different incidence angles, their optical
activity was measured using the setup shown in Figure 5-14.
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Figure 5-14: Experimental setup for optical activity measurement; P1, P2, P3, P4: linear
polarizers, QWP: quarter wave plate, S: sample, D: photodetector. A polarization ellipse
showing the azimuth angle (ψ) is also given.
The optical activity of the samples was monitored using a He-Ne laser at normal irradiation. The
sample was set between a polarizer and an analyzer. In the absence of the sample, the transmitted light
of the analyzer was recorded for different incidence polarizations. For each incoming polarization
direction, the extinction of the analyzer was monitored for calibration. The sample was then inserted
into the setup and the change in polarization between the transmitted beam for zero order and first
order diffraction, and the incoming beam was recorded. The polarization state of the transmitted beam
is described in terms of the geometrical parameters of the polarization ellipse: The orientation angle
(azimuth angle ψ) refers to the angle between the major axis of the ellipse and the x axis. The azimuth
angle rotation is identical to the extinction angle rotation.
5.4.2 Planar chiral structures on DR1-Glass
For off-normal irradiation with an incidence angle ϴ, owing to the different wave-vector
projections of the incident beam on the sample plane in different directions, crossed gratings
following stimulated Wood anomalies with different pitches are obtained. The direction of the
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gratings still is determined by the optical anisotropy and the pitch of the gratings is determined by the
phase matching conditions (Equation 2-7).
Under oblique irradiation of a beam polarized with a combination of p- and s-polarizations, crossed
gratings with different pitches can form planar chiral structures. Figure 5-15 shows AFM images of
chiral SSRGs inscribed with both a linearly polarized beam at 45° and with a right-handed circularly
polarized beam (RCPB) at an incident angle of 40° and -40°. Expectedly, the mirror images of these
SSRGs could be inscribed with a linearly polarized beam at -45°, and with a left-handed circularly
polarized beam (LCPL) at an incidence of -40° and 40°. The surfaces are chiral because both gratings
with different pitches cross at an angle different from 90°, in a chevron-like arrangement. It can be
seen in Figures 5-14 a- d that with linear light, one grating formed almost with Kg perpendicular to the
Ko sin ϴ with about 560 nm pitch. A second grating formed with a pitch Λ ≈ 1200 nm almost along
the Ko sin ϴ direction, verifying of Equation 5-4.
In the case of circular light in Figure 5-15 e-h, one grating is oriented at about 40° to the tilt, in
relative agreement with the grating pitch Λ ≈ 1000 nm. We cannot distinguish any clear grating in the
other direction, but mostly elongated dome-like structures. The Fourier transforms reveal their
chirality.
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Figure 5-15: AFM images of thin films of DR1-glass irradiated with a linearly and circularly
polarized laser with λ = 532 nm and an irradiance of 300 mW/cm2. Two-dimensional Fourier
transforms are shown for each image. Light configuration with polarization direction and
incidence angle in respect to the sample is included. SSRGs inscribed with a) 45° linear
polarization at 40°, b) -45° linear polarization at -40°, c) 45° linear polarization at -40°, d) -45°
linear polarization at 40° e) right handed circular polarization at 40° f) left handed circular
polarization at -40° g) right handed circular polarization at -40° and h) left-handed circular
polarization at 40° incidence angle. Scale bars on Fourier transforms are 2 μm-1 long. [reprinted
from ref 172]
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Achiral gratings, for example a SSRG inscribed at normal irradiation, display no optical rotation.
However, chiral SSRGs exhibit a noticeable change in the polarization azimuth of first-order
diffracted light. The first-order-diffracted beam azimuth rotation as a function of initial polarization
azimuth is reported in Figure 5-16 . The zero-order transmitted beam did not show any azimuth
rotation. The azimuth rotation of zero-order transmitted beam would reflect optical activity due to
birefringence or 3D chirality. The absence of any optical activity at zero-order confirms that chirality
is due to the planar chevron structures.
Chiral SSRGs inscribed with linearly polarized light at 45° and -45° displayed on average an
azimuth rotation of 3° (maximum 6°), whereas chiral SSRGs inscribed with a circularly polarized
beam displayed on average an azimuth rotation of 8° (maximum 10°). To verify the dependence of
optical activity on propagation direction, the azimuth rotation was studied for probe beam illumination
from both the DR1-glass side and the substrate side for both enantiomers. The recorded optical
activity depends on the propagation direction of the beam, and it is reversed for the opposite
propagation direction, thereby confirming that the gratings manifest 2D chiral properties. This
demonstrates the non-reciprocity of the chiral effect. Ideally, the optical activity of a planar chiral
structure should be perfectly inverted relative to that of its enantiomer, as well as relative to the
orientation of the substrate side. However, SSRGs are not perfectly uniform structures. Consequently,
there is a few degrees of discrepancy in optical activity between azo and substrate side irradiation.
Also, as the SSRG growth process is subject to variance, SSRGs inscribed with inverted pump beam
polarization and incidence angles are not perfect mirror images of each other (Figure 5-15). As a
result, the optical activities of two enantiomeric SSRG are not perfectly the inverse of each other.
As mentioned above, the absence of azimuth rotation of the zero-order transmitted beam suggests
an absence of 3D chirality. In order to demonstrate that the optical activity is due to a surface grating
and not a volume grating, a 40 nm-thin layer of silver was deposited on top of the SSRG and the
optical activity was studied on the silver-coated film. If the optical activity was due to birefringence or
any other volume grating [67], the optical rotation of the polarization azimuth should then diminish.
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The Ag layer was deposited on the chiral SSRG inscribed with left-handed circular polarization at 40°
incidence. The optical activity of the coated film is shown in Figure 5-17. Observation of optical
activity before and after deposition of the Ag layer confirms the planar origin of the chirality which is
contained in the chevron-like arrangement.
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Figure 5-16: Azimuth rotation as a function of initial polarization azimuth for SSRGs inscribed
with polarization and incident angles of a) 45°, 40° b) -45°, -40°, c) 45°, -40° d) -45°, 40°, e)
RCPL, 40° and d) LCPL, -40°, g) RCPL, -40°, h) LCPL, 40°.[reprinted from ref 172]
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Figure 5-17: Azimuth rotation as a function of initial polarization azimuth for silver coated
SSRGs prepared with left-handed circular polarization at 40° incidence and probed from the
DR1-glass and substrate sides.
Sample thickness has been shown to impact tremendously on the effects of 3D chirality
[187,199,201]. Samples with different thicknesses ranging from 150 to 1500 nm were prepared. The
optical activity of SSRGs inscribed in these samples was studied (Figure 5-18). No significant
correlation between the recorded polarization rotation and sample thickness is observed in Figure
5-18. This is also a strong evidence of planar chirality, as opposed to 3D chirality, in the chevron-like
structures observed in Figure 5-15.
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Figure 5-18: Azimuth rotation as a function of input beam polarization azimuth for SSRGs
inscribed on DR1-glass thin films of different thicknesses with left-handed circularly
polarized light at an incidence of -40°.
In order to understand the origin of the circular birefringence in chevron-like pavements, one must
remember that SSRGs are printed like stimulated Wood anomalies in which the grating pitch is such
that one of the diffraction orders, the first one in our experiment, is coupled into
the plane of the film. In such circumstances, diffraction efficiency becomes strongly
polarization-dependent. Then, diffraction efficiency from the chevron structures exhibits the
circular birefringence which manifests as azimuth rotation in Figure 5-16. These results are a
confirmation of the optical nature of the spontaneous surface relief gratings [157].
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5.5 Summary
Light-driven mass migration of azo functionalized material and hence SSRG’s direction is
correlated with molecular orientation distribution. A real-time anisotropy experiment was conducted
to study molecular orientation distribution in the first stage of SSRG formation. In addition, the
polarization dependence of SSRG formation is studied. The results of the anisotropy experiment
confirm the direction of the SSRGs formed under normal irradiation. This verify the supposition that
light induced anisotropy is the main factor determining grating’s direction.
Planar chirality has been induced in SSRGs by direct chirality transfer from light. Irradiation of an
azo film with a linearly polarized single-beam laser source at normal incidence typically yields a
patchwork of grating domains with an identical pitch but two grating orientations. By irradiating the
sample with linearly polarized light or circularly polarized light at an oblique incidence angle, the
resulting gratings show different pitches, thereby yielding crossed gratings that form chevron-like
structures that show planar chirality, with azimuth rotations up to 10°. The bidimensional nature of the
observed chirality, as well as the absence of tridimensional chirality, was confirmed. These findings
highlight a method to generate non-reciprocal planar chiral objects by a simple irradiation. More
efficient and lossless chiral surfaces should find applications as optical isolators in nano-and microphotonic devices.

99

Chapter 6
Conclusion and future work
6.1 Conclusion
Photoinduction of spontaneous surface relief gratings (SSRGs) on a Disperse Red 1(DR1) glassforming derivative was investigated at moderate intensities, where thermal effects are negligible.
Using a single-molecule material accommodates the study of SSRG formation process without
perturbing the rheological behaviors of the polymers. The results indicate that a polymer material is
not required for SSRG formation; however, it is essential that the azobenzene-material under
illumination is glassy. At this temperature, the fluidity of the material originates from
photoisomerization.
SSRG formation is surface-initiated, in contrast, substrate-side irradiation does not result in
spontaneous grating formation, but instead yields micron-level ripples due to photofluidity along the
direction of light polarization. The gratings initiated by surface radiation can be erased both optically
and thermally. They also provide a flexible way to couple light into the sample, leading to the
formation of incoherent surface structures.
Formation of SSRG’s takes place in three stages: nucleation, growth, and saturation. To illustrate
the saturation of the gratings, the entire formation was investigated at different intensities of the
writing beam. The rate of grating growth increases as a function of laser intensity, but the gratings
saturate at the same modulation amplitude, independent of the laser intensity. Nucleation and growth
of the gratings were monitored on samples with various range of shapes and sizes of surface defects.
On topologically flat surfaces, photoinduced orientation and mass transport induce surface protrusions
about 500 nm in diameter. Ripples then gradually form around these protrusions, leading to the
formation of gratings which spread over the sample. It has been proven that light coupling, due to the
defects capable of diffracting light into the sample, is responsible for SSRG formation. To investigate
this further, samples with different ranges of surface roughness were prepared using either corona
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poling at different temperatures or by spin-coating with various mixtures of solvents. Hole-shaped
defects do not contribute to the scattering of the incoming beam at the grazing angle, and hence, do
not influence the SSRG formation rate. Optimal growth rate is achieved for dome-shaped defects with
dimensions close to the grating pitch, while larger domed-shaped defects slow down SSRG formation.
The results reinforce the hypothesis that spontaneous grating formation is surface-driven, and that the
SSRGs form according to the stimulated Wood’s anomaly theory, where the incoming beam and the
self-scattered beam at the grazing angle yield a spontaneous interference pattern on the sample
surface.
SSRG direction strongly depends on the polarization of the pump beam. Molecular orientation
distribution is also an influencing component. In fact, light-matter interaction induces optical
anisotropy, which is the main factor determining the direction of SSRG. A real-time anisotropy
experiment was conducted to study molecular orientation distribution in the first stage of SSRG
formation. The direction is predicted based on photoinduced dichroism, which corroborates with the
experimental results.
Under oblique irradiation of a polarized beam with a p-component, one can fabricate complex
structures. Polarization and incident angle can be adjusted to create a chiral system; in other words,
the three vectors of polarization, K-vector of light and normal to the surface can be set in a way that
forms a chiral configuration of light. This chiral system can be transferred to the surface structure.
Under the oblique irradiation of a beam polarized with a combination of p- and s-polarizations,
crossed gratings with different pitches form planar chiral structures, with azimuth rotations of up to
10°C. The structures showed non-reciprocal optical activity, which is a confirmation of 2D chirality,
and absence of tridimensional chirality. These findings highlight a method to generate non-reciprocal
planar chiral objects by a simple irradiation.
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6.2 Future works
Many different new proposals and experiments have been left for future study due to time
constraints. Most of the results of this thesis require deeper analysis and some new experiments to
further develop the concepts, and some hypotheses are outside the scope of the thesis.
1. The results discussed in Chapter five regarding the direction of SSRG and photoinduced
anisotropy need further explicit investigation. The results of the real-time anisotropy
experiments indicate that the optical anisotropy determines the direction of the gratings. This
conclusion can be verified by studying SSRG growth on already anisotropic samples.
Anisotropy can be prompted using external fields. For example, molecular orientation can be
addressed using a polarized incoherent beam during SSRG inscribing.
2. Surface plasmonic resonance (SPR) coupling using SSRGs, especially chiral SSRGs, is an
interesting proposal for future work. Crossed grating enables the coupling of both TM and
TE-polarized incident light into SPR. This direction of the study may lead to applications for
light harvesting enhancements in organic solar cells, for polarized light emitting in organic
light-emitting diodes, and for plasmonic sensors.
3. Based on findings of this thesis, a comprehensive model of SSRG nucleation and growth with
numerical simulation can be developed to provide further insight into light driven mass
movement. Likewise, numerical simulation of the polarization dependence of the structures,
chiral grating formation and the optical activity of these chiral gratins would be highly
interesting both in terms of application and in the development of an inclusive model.
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