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In this thesis, the light-induced phenomena in azobenzene-containing polymer
films are studied. Light-induced phenomena, such as formation of surface-relief
gratings and light-induced birefringence, are typical for azobenzene-containing
materials and enable a wide range of applications ranging from optical compo-
nents to telecommunication technology, and beyond. The objective is to enhance
these phenomena via local field enhancement of the incident field by adding silver
nanoparticles into the azopolymer films.

Mie efficiencies for spherical nanoparticles in the used azobenzene-polymer
medium are calculated for different sizes. Also the experimental setups for in-
scription of surface-relief gratings and photo-induced birefingence are presented,
along with a setup for measuring the lifetime of cis isomer of an azobenzene
molecule. The experiments are performed for azobenzene-containing films doped
with 8, 30 and 50 nanometer silver nanoparticles, with silver/azopolymer mass
ratios ranging from 0 to 2%. With 8 nanometer particles, also mass ratios up to
10% are studied.

In general, the results indicate a significant decrease in the surface-relief grating
formation and photo-induced birefringence with increased nanoparticle concentra-
tion. However, a modest increase in the studied phenomena on certain amounts
of silver nanoparticles is achieved. It can also be concluded that also other factors
than the local field enhancement affect the light-induced processes, such as light
scattering or damping mechanisms of nanoparticles with a diameter of several tens
of nanometers. In the future studies it is recommended to use particles smaller
than 30 nanometers in diameter. For the surface plasmon resonance and the ab-
sorption of azopolymer to overlap, also a change of the nanoparticle material is
recommended.
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Tassa tyossa tutkitaan valoheratteisia ilmioita atsobentseeneja sisaltavissa
ohutkalvoissa. Valoheratteiset ilmiot, kuten valoheratteinen pintahilamuodostus
ja valoherétteinen kahtaistaittavuus, ovat tyypillisid atsobentseeneja sisaltaville
materiaaleille ja ne tarjoavat uusia mahdollisuuksia esimerkiksi optisten kom-
ponenttien ja telekommunikaatioteknologian kehityksessa. Tyon tavoite on
vahvistaa naita ilmioita paikallisen lahikenttavahvistuksen avulla lisaamalla ho-
peananohiukkasia atsobentseeneja sisaltaviin polymeerikalvoihin.
Mie-tehokkuudet  lasketaan erikokoisille hopeananohiukkasille kaytetyssa
valiaineessa. Myo6s kaytannon koejarjestelyt valoheratteisen pintahilan ja
valoheratteisen kahtaistaittavuuden kirjoittamista varten, seka koejarjestely at-
sobentseenin cis-isomeerin elinajan mittaamiseksi esitellaan. Kokeet suoritetaan
atsobentseeneja sisaltavilla kalvoilla, joihin on lisatty halkaisijaltaan 8, 30 ja
50 nanometrin hopeahiukkasia. Hopean ja polymeerivaliaineen massojen suhde
vaihtelee valilla 0-2%. 8 nanometrin hiukkasia tutkittiin 10%:iin asti.

Yleisesti tulokset osoittavat pintahilamuodostuksen ja valoheratteisen kah-
taistaittavuuden merkittavaa heikentymistd nanohiukkaspitoisuuden kasvaessa.
Kuitenkin tietyilla hopeananohiukkaspitoisuuksilla tutkitut ilmiot voimistu-
vat hieman.  Tuloksista voidaan myoOs péaatella, ettd tutkituilla naytteilla
paikalliskentan vahvistuminen ei ole ainoa valoheratteisiin ilmioihin vaikuttava
tekija, vaan imioihin vaikuttavat esimerkiksi valon sironta ja plasmoniresonanssin
vaimennusmekanismit etenkin suuremmilla nanohiukkasilla. Jatkotutkimuksia
ajatellen on suositeltavaa kayttaa nanohiukkasia, joiden halkaisija on pienempi
kuin 30 nanometria. Jotta nanohiukkasten plasmoniresonanssi ja atsobentseenin
absorbanssi osuisivat samoille aallonpituuksille, my6s nanohiukkasten materiaalin
vaihto on suositeltavaa.

Avainsanat: optiikka, valoherédtteinen, nanohiukkaset, atsobentseeni, pintaplas-
moni
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Absorbance

Amplitudes for biexponential fitting equation

Scattering coefficients for Helmholz equation

Absorption coefficient

Complex polarizability

Speed of light in vacuum

Effective cross-sections for absorption and scattering
Estimated interparticle distance

Relative permittivity

Extinction coefficients for trans and cis isomers

Ist order diffraction efficiency

Thermal relaxation constant

Film thickness

Measured signal

Reference signal

Wave-number

Time constant from cis lifetime fit

Imaginary part of refractive index

Wavelength

Grating period

Non-bonding molecular orbital; summation index; refractive index
Birefringence

Refractive index along the ordinary optical axis

Refractive index along the extraordinary optical axis
Angular frequency of light

Quantum yields of photoisomerization for trans and cis isomers
Angle between the light polarization and the azo dipole axis
Bonding molecular p-orbital; 7

Antibonding molecular p-orbital

Mie efficiency for absorption, scattering or extinction (i = abs, sca, ext)
Radial distance from a point

Particle radius

Time

Time constant for biexponential fitting

Glass transition temperature

Incident angle
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AFM
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AgNP
BF
DR1
DY7
LCP
NP
p4VP
pDR1a

b-p

PQE
PVP
RCP-LCP

Uv
RCP

S-S

SEM
SPN
SPR
SRG

Atomic force microscopy

Silver

Silver nanoparticle

Birefringence

Disperse Red 1

Disperse Yellow 7

Left-handed circular (polarization)

Nanoparticle

Poly(4-vinylpyridine)

poly(Disperse Red 1)acrylate
(poly[4’-[((2-(acryloyloxy)ethyl)ethyl)amino|-4-nitroazobenzene)
SRG inscription geometry with two interfering p-polarized waves
(E-field components in the grating vector direction)
Photo-isomerization quantum efficiency

Poly(vinylpyrrolidone)

SRG inscription geometry with interfering right- and left-handed
circularly polarized waves

Ultraviolet

Right-handed circular (polarization)

SRG inscription geometry with two interfering s-polarized waves
(no E-field component in the grating vector direction)

Scanning electron microscopy

Surface plasmons on metal nanoparticles

Surface plasmon resonance

Surface-relief grating
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1 Introduction

Even if the term optics was introduced in 1704, it can be stated that optics is
one of the oldest forms of natural sciences, having its origins in astronomy and
geometry [1, 2]. The development still goes on, as optics plays a major role in modern
communication technology and also in many analytical applications, to name a
few [3]. A popular example of the intriguing history of optics is the Lycurgus Cup
from the 4th century AD [4]. In this item, metallic nanoparticles were exploited in
order to create what we today know to be dichroic glass. It took scientists over a
millennium and a half to fully understand, what is the secret behind this enchanting
item. New frontiers in optics are constantly being discovered also in other fields of
science, for example in materials science.

Materials science is required to construct a basis for modern, sustainable tech-
nology, and using optical materials is a noteworthy tool in achieving sustainable,
efficient and elegant solutions to meet the constantly growing demand. The strong
connection between optics and materials science is obvious when studying light-
responsive materials [3]. Such materials exist all around us, for instance in the
human eye [5].

A few decades back, researchers found out about the light-responsive properties
of the widely used commercial dyes, azobenzenes [6]. Since then, the interesting
light-induced phenomena in these materials have been under the loop of scientists.
The responsiveness of azobenzene-containing polymers to light is now known to
be due to photon-triggered isomerization between the two isomers of azobenzene
molecules. Even though the light-induced phenomena have been studied for a few
decades already, the fundamental mechanisms behind some of the phenomena trig-
gered by the isomerization process still remain a mystery [7]. Plasmonics and nanos-
tructures have also attained more and more interest in recent years, as technology
urgently seeks for solutions to encapsulate more information and processing capacity
on smaller spatial units.

This thesis combines both materials science and optics in order to enhance the
light-induced phenomena of azobenzene-containing polymer films with local field
enhancement by metallic nanoparticles. Surface-plasmon resonances on metallic
nanoparticles are today harnessed for several applications on different fields of
study [8]. However, there are only few studies on how the surface-plasmon reso-
nances affect the light-induced isomerization of azobenzene molecules and the phe-
nomena it gives rise to.

In order to study these phenomena, thin films of azobenzene-containing polymers
are studied with different methods. Silver nanoparticles of different sizes are incor-
porated into the polymer matrix to produce a random distribution of nanoparticles,
which have a surface-plasmon resonance frequency near the absorption maximum
of the thin film. The nanoparticles are expected to affect the isomerization rate
of the azobenzene molecules, which could affect the dynamics of the light-induced
phenomena.

In this thesis it is concluded that the number of factors that should be accounted
for while performing such experiments is larger than expected. The results show an



unexpected decrease in the efficiency of the light-induced phenomena studied. This
is most likely due to aggregation and oxidation of the nanoparticles in the films.
Additionally, even if the size of the exploited nanoparticles leads to the surface
plasmon resonance frequency to lie near the exposure wavelengths, the damping
mechanisms begin to play a significant role in the performance of the system.

This thesis is organized as follows. The properties of azobenzenes and basics
of plasmonics are introduced in Sec. 2. A method to calculate the Mie efficiencies
in an absorbing medium for theoretical backup of the thesis is presented in Sec. 3.
The experimental section of the thesis concentrates on the light-induced phenomena
of azobenzene-containing materials, such as light-induced birefringence and surface-
relief grating formation. The experimental setups to study these phenomena are
presented in Sec. 4.2. In addition, the basics of the two nanomicroscopic imaging
techniques used in this work are presented. The results of the experimental studies
are presented in Sec. 5, and Sec. 6 includes the conclusions of this thesis.



2 Background

The properties of azobenzene derivatives have been studied for applications such
as dyes, molecular probes, electro-optic liquid crystals, and materials for nonlinear
optics and optical storage for over three decades now [7]. Even though the light re-
sponsiveness of azobenzene was firstly reported in 1934 [9], it began to gain interest
in the field of optics in the 1980s as photo-induced birefringence gratings were firstly
reported [6]. Photo-induced macroscopic motion in an azobenzene containing poly-
mer thin film was reported in 1995 [7, 10, 11]. That brought forth the light-induced
isomerization of azobenzene to be one of the topics of interest in materials science [7].
This section consists of a review of the properties of azobenzene molecules, especially
the photoisomerization and the resulting phenomena: photo-orientation and surface
mass transport. Also, a short introduction to plasmonics and Mie theory, and in
the end, a couple of studies on the interaction between plasmons and azobenzenes
are presented.

2.1 Azobenzene Properties

Azobenzene is a molecule, where two phenyl rings are separated by a nitrogen dou-
ble bond, an azo-bond (-N=N-). The name azo comes from the French name for
nitrogen, azote. In the last century, azobenzenes have been used as commercial dyes
because of their intensive color due to their extensive conjugated m-electron system
and wide spectral range of absorption that can be tailored within the visible region
of light [7].

Azobenzenes can be divided into three categories: azobenzene-type molecules,
aminoazobenzene-type molecules, and pseudostilbene-type molecules [7, 12]. This
classification is based on the energetic ordering of their (n,7*) and (7, 7*) states.
These states affect the energy transfers in the electron transitions during the iso-
merization process, and thus also the spectral properties (explained in Sec. 2.1.1).
The classification can also be done purely based on the spectral properties of the
compound, which has roughly the same outcome as the energy state classification.
In this thesis, azobenzene refers to azobenzene molecules and their derivatives. [3, 12]

2.1.1 Photoisomerization

Photoisomerization means that a molecule can change its geometry upon photon
absorption. Azobenzenes have two isomers, a trans form that is a rodlike molecule
and a cis form, where the phenyl rings of the molecule are twisted at ca. 90° relative
to the C-N=N-C plane [13]. The isomers of an azobenzene molecule are illustrated
in Fig. 1(a).

In most cases, azobenzene is a term used to describe a group of azobenzene
derivatives, which are azobenzene molecules with different substituents, typically at
the 4, 4’ positions. By modifying these substituents, the azobenzene can be tailored
to be responsive in various wavelengths ranging from ultraviolet (UV) to red in
the visible region of the spectrum. The tailoring of azobenzene derivatives is based



on the m-electron delocalisation of the structure that changes depending on the
substituents. Azobenzene-type molecules are similar to unsubstituted azobenzenes.
Their transition from a bonding p-orbital to an antibonding p-orbital (x — =*
transition) that is mostly accounting for the trans — cis isomerization lies in the
UV region, and the transition from a non-bonding orbital to antibonding p-orbital
(n — 7* transition) that is mostly accounting for the cis — trans isomerization
lies in the visible region of the spectrum. When azobenzene is substituted with an
electron-donating amino group (-NHs) to yield an aminoazobenzene-type molecule,
the m — 7* transition band is moved closer to the n — 7* band in the visible region
of light. The pseudostilbene-types have both acceptor and donor substitutions,
which leads to overlapping of the absorption spectra of trans and cis states at blue-
green wavelengths. [3]
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trans cis trans (E) cis (Z)

(a) (b)

Figure 1: (a) Azobenzene can transform between trans and cis states photochemically
and relax to the more stable trans state thermally. (b) Simplified state model for plain
azobenzene. The trans and cis extinction coefficients are denoted by €4rans and €q;5. Sym-
bol @ refers to the quantum yields of photoisomerization, and ~ is the thermal relaxation
rate constant [3].

Photon-triggered isomerization, also known as photo-isomerization, is typical
for azobenzenes and their derivatives. The photo-isomerization is a highly efficient
and chemically completely reversible process between the two states: the thermally
stable trans form and the metastable cis form. The metastability of the cis isomer
refers to its ability to transform back to the trans state thermally. The isomerization
from trans to cis state causes the distance between the 4 and 4’ positions to reduce
from ca. 1.0 nm to ca. 0.6 nm. However, the free-volume requirement of the molecule
will increase. Also the dipole moment of the molecule increases from zero to 3.1 D
for an unsubstituted azobenzene [3]. The exact three-dimensional geometries of the
isomers also depend on the m-electron delocalisation, as the atom bonding angles are
defined by the molecular energy states [13]. The structures illustrated in Fig. 1(a)
are therefore simplifications in the C-N=N-C plane.

The energies of transition states of a plain azobenzene molecule are illustrated in
Fig. 1(b). The isomerizations are free from side reactions and occur in time scales of



picoseconds. As the absorption wavelength of the azobenzene molecule, also the time
scale for the thermal relaxation, or backisomerization to the trans state depends
on the electron delocalization. The time scale of the thermal backisomerization
can range between milliseconds and hours, in a proper environment even years.
The backisomerization can also be triggered by a photon that corresponds to the
azobenzene molecule’s cis absorption band. [3]

An azobenzene-containing system can reach a photostationary state during irra-
diation either in a solution, or in a bulky sample, where azobenzene chromophores
are in a polymer matrix. A photostationary state is a state, where the ratio of
chromophores in cis and trans states is constant. The steady-state composition is
unique to each system, and is dependent on the quantum yields for the two iso-
merization processes and the thermal relaxation. As the ring substitution affects
both the absorption spectrum of the trans and cis states, the irradiating light can
enhance both quantum yields, leading to rapid cycling between the isomerization
states. The cycling plays a significant role in the photo-induced mass transport that
is discussed in more detail in Sec. 2.1.3. [3]

2.1.2 Photo-alignment and Birefringence

For the molecules to be excited and the photo-isomerization to occur, the incident
light has to have a polarization component parallel to the chromophore’s transition
dipole moment [11]. For rod-like molecules such as azobenzenes, the excitation
probability will vary as cos? ¢, where ¢ is the angle between the light polarization
and the azo dipole axis [3]. By thermal relaxation, the chromophore isomerizes to

== Molecule in ground state
—= Molecule in excited state

Linearly polarized
excitation beam

Angular redistribution

Isotropic material

Figure 2: Schematic of photo-alignment under excitation with linearly polarized light.
The molecules that have dipole moment parallel to the polarization of the excitation beam
are excited and finally relax to an alignment where the dipole moment is perpendicular to
the polarization of the excitation beam [12].



a random alignment. In an ideal case, as the irradiation with linearly polarized
light is continuous for a long enough time, the bulk containing these chromophores
reaches a state, where the majority of the chromophores have reached an alignment
containing no component of transition dipole moment parallel to the incident beam
polarization. That is, the chromophores become aligned either in the direction along
the incident irradiation beam, or in the plane of the film perpendicular with respect
to the polarization of the irradiation beam. In reality, a typical order parameter for
an amorphous azobenzene-containing sample rarely exceeds 0.1 [12]. The molecular
orientation under linearly polarized light is illustrated in Fig. 2. Isotropy can be
restored either by unpolarized or circularly polarized incident light, apart from the
orientation along the incident beam. [3, 11]

As a result of this statistical reorientation, photo-induced birefringence and
dichroism can be induced into an azo-containing system. Birefringence means aniso-
tropy in the refractive index of the material for the ordinary and extraordinary waves,
and is defined as An = n, — n., where n, and n. are the refractive indices along the
ordinary and extraordinary waves, respectively. Dichroism means that the absorp-
tion coefficient of the material is anisotropic with respect to the polarization of the
incident light. The direction of the orientation can be controlled by the polarization
of the incident beam. By manipulation of the incident beam, it is possible to cre-
ate diffractive gratings based on a local change in the birefringence of the material.
Azobenzene-containing systems have been reported to achieve birefringence values
of up to 0.5 [14]. The first birefringence grating on an azobenzene-containing, amor-
phous polymer was reported by Todorov et al. in 1984 [6]. The diffractive properties
of azopolymer diffraction gratings were then assumed to be due to the birefringence
only, until a formation of surface relief grating was reported [10]. The erasability of
the birefringence makes azo-containing materials a promising option for being used
as tunable waveplates, all-optical switches in optical computing, or in holographic
applications. [3]

2.1.3 Mass Transport

In 1995, over ten years after the discovery of the reversible birefringence gratings,
a large-scale surface mass transport in azobenzene-containing polymer films was
reported [10]. It was observed that as the films were irradiated by a light interfer-
ence pattern, the surface of the sample was deformed according to the interference
pattern. The sample used in the experiments by Rochon et al. was a thin spin-
cast polymer film from poly Disperse Red 1 acrylate (pDR1la), a pseudostilbene
side-chain azopolymer [10]. The phenomenon occurs well below the glass transition
temperature (T) of the amorphous material, and allows formation of surface-relief
grating structures (SRG) with modulation depths in a range of several hundreds of
nanometers and grating periodicities larger than the irradiation wavelength. The
intensity of the irradiation laser can be well below that required for ablation, and the
heating effect at a typical inscription intensity is negligible [12]. The surface mass
transport is also highly dependent on the polarization of the incident beam. It has



Figure 3: Schematic of the different gratings that are formed during illumination of
an azo sample. (a) Surface-relief Grating (b) Density Grating (c) Orientational Grating
(birefringence) (d) Photochemical Grating (photostationary state). [3]

been shown that inscription with interference patterns created with p-p! and RCP-
LCP? geometries give rise to much stronger surface-relief gratings than those created
with s-s® geometry due to a polarization gradient along the grating vector. [3, 15, 16]

The surface mass transport effect still lacks an explanation that would cover all
the aspects that have been observed experimentally, but there are several theories
about it. Among the first theories, there was a model derived from basic Newtonian
dynamic relations of viscous fluids in 1998 [16]. The model is mostly based on the free
volume requirement of the chromophores, and therefore it does not account for some
observations of the polarization dependence and correlates with the experimental
data only on low modulation depths. The model was refined later by Sumaru et al.
to cover the whole range of modulation depths by including the interference wave
number [17]. A photo-induced diffusion model was introduced by Lefin et al. also
in 1998. The model assumes that the concentration is directly proportional to the
grating height [18].

The early models that were based on pressure gradients and thermal effects can
not describe the cases, where the inscription intensity is spatially constant and only

Ytwo interfering p-polarized waves (E-field components in the grating vector direction)
2interfering right- and left-handed circularly polarized waves
3two interfering s-polarized waves (no E-field component in the grating vector direction)



the polarization state of the total field varies. A completely different approach based
on an optical gradient force was presented by Kumar et al., also in 1998 [19]. This
model is capable of explaining the strong polarization dependency of the process,
as it shows a correlation between the force density due to the optically induced
polarization and the derivative of the incident intensity pattern. Another model
that takes the polarization state into account, by Pedersen et al., is based on a
slightly modified version of the mean-field theory [20]. However, the calculated
forces that drive the mass transport according to these calculations are two orders
of magnitude smaller than the force effect of the gravitational field [21].

A new thermodynamic approach was introduced by Saphiannikova et al. in
2005, which takes into account the azobenzene chromophore reorientation and the
induction of plastic deformation during the irradiation [21]. Other more recent
suggestions include a statistical model by Juan et al. [22], and a molecular model
by Ambrosio et al. [23] that are both based on the diffusion model.

The only thing in common with the different models is that they all require
cycling of trans-cis-trans isomerizations. Even if the fundamental driving mechanism
remains unsolved, it is quite safe to state that the mass transport effect arises from
a combination of several factors. Whilst exposure of the azobenzene-containing
materials gives rise to several phenomena, it is no surprise that also different kinds
of gratings are formed. The different gratings are illustrated in Fig. 3. Some of the
gratings, such as the photochemical grating, persist only during the irradiation. In
the cases, where the SRG is overwhelming the other effects, the formation of the
other gratings can only be observed in the very beginning of the irradiation when
their proportional contribution is at highest. [3]

The simplest way of making surface relief gratings is by using a Lloyd mirror
setup, which is explained in more detail in Sec. 4.2.2. The very fundamental idea
of the setup is that the sample is exposed to a sinusoidal intensity pattern. The
material will migrate from the illuminated regions to the areas, where the electric-
field component parallel to the grating vector is absent, or not spatially modulated
[15]. An example of an atomic force microscopy (AFM) image of a sinusoidal surface-
relief grating is illustrated in Fig. 4. The formation of a surface-relief grating
by surface mass transport is one of the key tools to study the materials’ optical
properties in this thesis.

Figure 4: An example of surface-relief grating topology inscribed on an azobenzene-
containing polymer thin film.



2.2 Plasmonics

Nanophotonics is a growing field of research in optics. Earliest examples of employ-
ing metallic nanostructures include the famous Lycurgus cup from the Byzantine
Empire in the 4th century AD that changes colour whether the light is transmitted
through or reflected by the glass. The material in the cup is known to be dichroic
glass, and the phenomenon rises from ”contamination” from silver dust. The phe-
nomenon was theoretically explained already in the beginning of the 20th century,
but surface plasmons that give rise to this kind of dichroism were firstly experimen-
tally discovered in 1958 by Ritchie et al. Today, the unique optical properties of
metallic nanoparticles enable a wide range of applications, such as light guiding,
biodetection, enhanced optical transmission through sub-wavelength apertures, and
optical imaging below the diffraction limit. [8, 24]

2.2.1 Surface Plasmons

Materials in the nanometer size regime have unique properties due to their high
surface-to-volume ratio, quantum size effect, and electrodynamic interactions [25].
A metal nanoparticle can be considered as a resonator for surface plasmons, and
therefore the resonating amplitude can locally exceed the exciting electromagnetic
field by orders of magnitude. The quasi-free electrons in the ground states of metals
behave as plasma, gas of free charge carriers. As the nanoparticles are exposed to
an external oscillating field, the plasma begins to oscillate. The quanta of these
longitunal electromagnetic charge density waves of this plasma are called plasmons.
Generation of a plasmon is illustrated in Fig. 5. Surface plasmons play a significant
role in metallic nanoparticles with sizes in the range of the penetration depth of an
electromagnetic field into the metal on a wide range of frequencies. [8, 25]

The surface plasmons on metal nanoparticles (SPN) can be described theoret-
ically in several ways. Mie-theory yields an exact analytical solution for scatter-
ing and absorption of light by spheres. This approach is explained in more detail
in Sec. 2.2.2. For more complex systems, there are two good approximations: a qua-
sistatic approximation and dipole approximation. In the quasistatic approximation,
the exciting field is assumed to be homogeneous. Despite the simplifications made
in the quasistatic approximation, it still takes into account the particle shape, the
dielectric function of the metal and the dielectric function of the environment. The
dipole approximation estimates the electromagnetic field of dipolar surface plasmon

(@) _pammea, .

& E(t=T/2
10nm 2=t

Figure 5: Generation of a plasmon on a metal particle under an external field (a) before
exposure (b) at the beginning of a phase and (c) in the middle of an oscillation. [8]
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Figure 6: The distribution of electric field around a silver particle calculated by three-
dimensional finite difference time domain method. A spherical silver nanoparticle of 80 nm
in diameter excited by light with wavelengths of (a) 457 nm and (b) 820 nm. [26]

modes to be an electromagnetic field generated by an oscillating dipole at the cen-
ter of a particle, neglecting the higher order oscillations. This approximation, also
referred as Rayleigh approximation, is sufficient for particles with radius of R much
smaller than the wavelength of the incident light A, i.e. 2R << A, so that the inter-
action is governed by electrostatics instead of electrodynamics. This approximation
reveals two spatial domains of the generated field: the near field and the far field.
The near field is an evanescent field that extends to distances that are smaller than
the wavelength of the electromagnetic fields, and depends on distance r as r=3. The
far field consists essentially of spherical waves, and is proportional to r—!. [8, 25]

Surface plasmon resonance (SPR) occurs as the plasma oscillation is in phase
with the incident field. In Fig. 6 the distribution of electric fields around a silver
nanoparticle of 80 nm in diameter are illustrated under illumination with two wave-
lengths [26]. Under excitation with a 457 nm beam, the nanoparticle creates an
enhanced local field that represents a field of a dipole. With excitation by 820 nm,
the dipole-like behaviour remains, but is significantly weaker. This is due to the
wavelength of the exciting light being further away from that of the SPR of the
particle. [26]

The spectral width and the amplitude of the SPR are influenced mostly by
scattering and absorption of the plasmon. Pure dephasing of SPN is shown to
be negligible [8]. Scattering can be also described as radiation damping, where the
electromagnetic waves are re-radiated from the SPN charge distribution. Absorption
is an ohmic internal loss mechanism, where the plasmon ceases to exist and the
energy is transferred to heat. The quasistatic approximation together with the dipole
model give simple equations to evaluate the damping mechanisms, absorption and
scattering cross-sections Cypq and Cgegy:
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Cobs = Kklm(ay) "
1

Cocat = Llay|?

scat 67r‘04p| )

where « is the complex polarizability of the particle and k is the wave-number. Since
the polarizability is proportional to the particle volume, the SPN damping mecha-
nism is mainly governed by the particle size; for small particles, absorption is the
dominating mechanism and scattering for larger particles. This leads to absorption
on wider spectra for large particles compared to smaller particles. [8]

2.2.2 Mie Theory

Mie theory is an all-analytical theory of light scattering from a spherical particle.
The theory was firstly presented by Gustav Mie in 1908, as he explained the red color
of gold nanoparticles in a solution [25, 27]. The derivation of Mie efficiencies starts
from Maxwell’s equations in spherical coordinates. The configuration of the incident
field with the electric and magnetic field components of the particle are defined
by Helmholtz’s equation. The Mie efficiencies ();, where ¢ stands for extinction
(ext), absorption (abs), scattering (sca) represent the extinction, absorption, and
scattering coefficients for Helmholz’s equation. They can be expressed in terms of
scattering coefficients as [28]

[e.e]

2
Qsca = ? Z(Qn + 1)(‘6Ln|2 + |bn|2) (2)
n=1
2 o0
Qet = — nzl(Qn + 1Re(ay + by), (3)

where a, and b,, are the scattering coefficients for spherical particles when certain
boundary conditions are applied. Energy conservation also requires that

Qea}t = Qsca + Qabsa (4)

which makes it straightforward to calculate the absorption coefficient also. Accord-
ing to Matzler [28], a,, and b, are of the form

m2j, (m) [z, ()] = ju(@)[maj, (mz)) )
m2j, (ma)[whi (2)] — b (@) [maj, (ma)]
(@) (@)) = (@) [man (ma)) )
U Ga(ma)[eht) (@) — b (@) [mag, (ma))’

n —

when p = 1, j, are first kind spherical Bessel functions, and and hY are spherical
Hankel functions. These spherical functions can be expressed with first kind Bessel
functions J,,41/2 and second kind Bessel functions Y, 11/, as

™ ™

In(2) = ) g nr12(2); BP(2) = Gn(2) 4 iy [ - Vs a(2). (7)
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The summation index n corresponds to the oscillation mode order, and nmax is
defined as nmax = z + 42"/ 4+ 2. This has turned out to be a good guess for high
enough summation index required for the sum to reach the convergent value with
high enough accuracy. [27, 28, 29, 30]

2.3 Plasmon-Azo Interactions

The interaction between SPR and azobenzenes has been studied increasingly in
recent years. The most probable mechanisms for SPN and azobenzene to interact are
by heating effects or through the isomerization speed. There are many applications
in materials science based on the pure heating effect of metal nanoparticles [31, 32].
However, the typical inscription intensities in the studies related to the light-induced
phenomena of azobenzene molecules, are chosen to be in the range of 10 to 1000
mW /cm?. For the applications that rely on the heating effect, typical intensities are
103 —10% W/cm?, and the temperature is reported to increase only a few kelvins [31].
Therefore, it is more interesting to approach the problem through the isomerization
speed.

It has been shown that photoisomerization quantum efficiency (PQE), the ratio
of the number of isomerizations and the number of absorbed incident photons, can
be manipulated by metallic nanostructures. In the studies by Xu et al. [33], gold
films with a particle size of 10 nm, 30 nm, and 50 nm were prepared, along with
a gold island film with approximately 30 nm island size. They showed, that the
PQE is affected in two ways: the exciting pump field is enhanced by SPR, and
the presence of gold particles accelerate the decay of the excited molecules from cis
to trans form. The PQE can be modified precisely by adjusting the interparticle
distance. The azobenzene dye used in the experiments was Disperse Red 1 (DR1).
The absorption spectra of DR1 films did not differ, whether they were on a pure
glass film or on a gold coated film. The PQE was improved only with the DR1 on
a gold island film, and with the films consisting of nanoparticles, the efficiency was
suppressed by larger nanoparticle size. [33]

A recent study by Yoon et al. shows that photoisomerization of azobenzene
derivates induces a change in the aggregation state of metallic nanoparticles [34].
The gold nanoparticles used in the experiments were 33 £ 8 nm in diameter, which
absorb strongly at 530 nm. However, increasing the amount of azobenzene deriva-
tives® caused the sample absorbtion band to form a new peak near 700 nm, which
slowly red-shifted during irradiation with UV light (365 nm). [34]

The effect of metallic nanoparticles on the photo-induced molecule reorientation
in azobenzene-containing polymers has also been studied [36, 35, 37]. A study by
Wu et al. demonstrates increased stability in birefringence writing-erasing cycles as
silver nanoparticles are introduced in the azopolymer matrix [35]. Another study
by Shen et al. demonstrates that the introduction of silver nanoparticles has a
different effect in different azo-polymer matrices: for a polymer matrix containing
azobenzene with a -CHj group the polymer orientation increased, and for a polymer

44-butyl-4’-(11-dodecylthioundecyloxy)-azobenzene
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Figure 7: Relative transmittance of an azobenzene film as a function of time during five
writing-erasing cycles. LPL stands for irradiation with linearly polarized light and CPL
for irradiation with circularly polarized light. [35]

matrix containing azobenzene with a -CN group the polymer orientation decreased
as the nanoparticle concentration increased [37]. Enhancement in photo-alignment
has also been observed by introducing semiconductor particles instead of metallic
nanoparticles in the material [38].

The addition of metallic nanopaticles to a polymer matrix has also other ben-
efits. Since aggregation may be a problem with azobenzene chromophores with
large permanent dipole moments, silver nanoparticles have been shown by Franco
et al. to inhibit aggregation of dipolar chromophores more efficiently than organic
inhibitors [39]. As aggregation inhibitors, the silver nanoparticles should be larger
than the aggregating molecules. In the studies by Franco et al., particles of 70.5
nm in diameter were used. Due to the large polarizability of silver, the amount
of non-aggregated molecules was increased by 30% [39]. It was also noted that an
excessive increase of silver nanoparticles could lead to the nanoparticles aggregating
themselves. The usage of enhanced localized fields near the nanoparticles to en-
hance the optical responses of the chromophores was also suggested but not studied
further. [39]

Promising results have been obtained with photopolymerization of composite ma-
terials when using metallic nanoparticles to enhance the irradiation field locally [40].
In the studies by Goldenberg et al., 1.5 wt-% of gold nanoparticles (ca. 2 nm in
diameter) were introduced in a composite system? in order to promote monomer spa-
tial segregation. In the studies, the rate of photopolymerization was decreased along
with the increased nanoparticle content in the composite. The resulting nanocom-
posite was also tested for holographic applications, such as SRG. The results show
unusually high amplitude of the refractive index modulation in both the diffraction
volume gratings and the polymerization rate. [40]

The link between the light-induced phenomena and plasmonics can also be
thought from a completely other direction. Instead of harnessing plasmonic struc-

Sethoxylated bisphenol A diacrylate (EBPDA) and isooctylacrylate (I0A)
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tures to enhance the SRG isncription process, periodic structures of SRGs can be
utilized to manufacture different kinds of plasmonic structures. In studies by Mo-
erland et al. plasmonic arrays of gold islands were succesfully created with two
orthogonally inscribed SRGs, gold deposition, and ion milling [41]. Interesting re-
sults have also been obtained by functionalizing silver nanoparticles with azobenzene
molecules [42]. In the studies by Ahonen et al., silver nanoparticles were linked with
an azobenzene dithiol molecule. It was shown that the separation of the nanopar-
ticles could be switched by the isomerization of the azobenzene, thus changing the
plasmonic properties of nanoparticle clusters [42].
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3 Mie Efficiency Calculations

For a theoretical background, Mie efficiencies in an absorbing medium are calcu-
lated as a function of wavelength for spherical metallic nanoparticles with diameters
of 8 nm, 30 nm and 50 nm. Firstly, the refractive index of the polymer matrix is
resolved to define the wave vector inside the polymer matrix. That was done by
fitting the absorption coefficient o with three Gaussian functions, since the over-
all absorption of the sample is a sum of the absorbing energy transitions in the
molecules [43]. The three Gaussian functions represent the different energy transi-
tions in the trans and cis states. Gaussian functions were used because the energy
transitions of a molecule in a solid state experience a statistical distribution of en-
vironments [43]. The absorption coefficient is calculated from the absorption data
of the used polymer-chromophore complex® by

—log(10¥
o = os10%), 0
z
where y is the absorption data and z is the film thickness. The absorption coefficient
is related to the relative permittivity of the material €, by

2K
Ve =n+iK, a=2 : 9)

c
where n and K are the real and imaginary parts of the refractive index of the
material, w is the angular frequency of light and ¢ the speed of light in vacuum. Since
the imaginary part of the refractive index is known, the real part can be estimated
using Kramers-Kronig relations [44]. To do so, a MATLAB-function kkrebook.m
was applied. The kkrebook.m uses a vector of the frequency components, w, and a
vector of the imaginary part of the permittivity under examination, K, as inputs,
and they were defined from known data as

o 27c 10
47’ YT (10)

Since the refractive index is derived from the absorption data using Kramers-
Kronig relations, one should note that the obtained values for n should actually
be interpreted as a deviation in the refractive index in the observed region. It is
reasonable to approximate the baseline for the refractive index to be that of a similar
polymer. Since the refractive index of pure 4VP is 1.549 [45], the baseline is chosen
to be 1.5. The values of the deviations in n and K are illustrated in Fig. 8(a).

In order to solve the Mie efficiencies, the permittivity of silver has to be known
as a function of the wavelength. This is done by a MATLAB function eps_BB.m by
Rakic et al. [46]. The real and imaginary parts of the relative permittivity of silver
are illustrated in Fig. 8(b). With the now known values, a MATLAB function mie.m
by Miétzler [28] will calculate the Mie efficiencies that represent the interaction cross
sections C; normalized to the particle cross section

K=\

6Explained in more detail in Sec. 4.1



16

Calculated complex refractive index n + iK Relative Permittivity g =€ + szr
K
0.2 n 1
0
-0.2
-0.4 ) ) ) ]
300 400 500 600 700
Wavelength [ nm ] Wavelength [ nm ]
(a) (b)

Figure 8: (a) Deviation of the refractive index n (red) based on the imaginary part K
(blue) due to absorption in the medium. (b) Real (blue) and imaginary (green) parts of
the relative permittivity of silver.

C,

Q=5 (11)
where i stands for extinction (ext), absorption (abs), and scattering (sca). The
script mie.m uses Equations (2)-(7). The script was modified to calculate the Mie
efficiencies as a function of wavelength. The Mie efficiencies Qcrt, Qscar aNd Qups
with three different particle sizes are illustrated in Fig. 9. The figures show that
as the particle size increases, also the extinction efficiency term increases. However,
also the scattering efficiency increases, which according to Equation (4) means that
the absorption coefficient will decrease.

What also can be seen from Fig. 9, is the red shift of the plasmon resonance peak
as the particle size increases. This is one of the reasons to use larger nanoparticles;
to fit the plasmon resonance wavelength to match the irradiation sources available.
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Figure 9: The Mie efficiencies ezt and gseq of silver nanoparticles of (a) 8 nm (b) 30 nm

and (c) 50 nm in diameter.
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4 Experimental Setups and Methods

In this section, the sample preparation methods, the sample compositions, and the
experimental setups used in the measurements are explained. Finally, the methods

used for imaging the structures are presented briefly.

4.1 Sample Preparation

In order to study the dynamics and stability of light-
induced properties in azobenzene-containing materials,
it is most convenient to make thin films. The material is
chosen so that the absorption of the material’s trans and
cis states lie at the visible range of the spectrum and the
maximum absorption of the material would be close to
the SPR frequency of the used nanoparticles. The thin
films are made on a transparent substrate to minimize
influence of the substrate to the transmission of the sam-
ple, since most of the experimental measurements are ob-
tained from the transmission side of the sample. Because
the SRG can reach modulation depths of several hundred
nanometers, the thin films should be thick enough so that
the thickness will not influence on the SRG formation
process. In order to obtain comparable results, the thin
films should also be of the same thickness with respect
to each other.

The polymer used was poly(4-vinylpyridine) (p4VP)”
and the chromophore was a bisazobenzene molecule with
two azo-bonds, Disperse Yellow 7 (DY7)® that has an ab-
sorption maximum at \,,,, = 385 nm. The chromophore
can be classified as an aminoazobenzene by its spectral
properties, even if it lacks the amino group and thus is
structurally closer to an azobenzene-type molecule. The

{/E%
N/

(a) (b)
Figure 10: Chemi-
cal  structure of (a)
p4VP(DYT7)1o  complex

and (b) PVP repetition
unit.

polymer was provided by Polymer Source and the chromophore by Sigma-Aldrich.
The chromophore is linked to the polymer via hydrogen bonding [47]. The chemical
composition of the used materials is presented in Fig. 10(a). The complexation ratio
0.5 stands for the relative amount of chromophores with respect to the repetition
units of the polymer; every other repetition unit of the polymer is hydrogen-bonded
with a chromophore. Even if the introduced silver nanoparticles would decrease
the chance of aggregation of the surrounding medium, the complexation ratio was
fixed to 0.5, for it has shown to be the most efficient complexation ratio for this
polymer-chromophore combination in SRG formation [47].

"M,, = 5,406
82-Methyl-4-[(E)-4-[(E)-phenyldiazenyl]phenyldiazenyl|phenol
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Table 1: Sample details, the precise Ag/Complex mass ratios, film thicknesses h,
estimated interparticle distances d.

Sample Precise Ag-% | h (nm) d (nm)
SRG - 8 nm particles

p4VP(DY7)o5 0 230 0
pdVP(DY7)5+0.5% Ag 8nm 0.71 - 73.4
p4VP(DY7)05+1.0% Ag 8nm 1.05 220 64.5
pdVP(DY7)o5+1.5% Ag 8nm 1.52 - 57.0
p4VP(DY7)05+3.0% Ag 8nm 3.15 230 44.7
p4VP(DY7)05+5.0% Ag 8nm 5.26 230 37.7
p4VP(DY7)05+7.5% Ag 8nm 7.66 235 33.2
p4VP(DY7)o5+10.0% Ag 8nm 9.94 210 30.5
SRG - Wavelength comparison

p4VP(DY7)g5 0 238 00
p4VP(DY7)05+0.5% Ag 30nm 0.51 245 307.5
p4VP(DY7)05+1.0% Ag 30nm 1.01 330 244.9
p4VP(DY7)o5+1.5% Ag 30nm 1.45 356 217.1
p4VP(DY7)05+2.0% Ag 30nm 1.99 277 195.3
p4VP(DY7)05+0.5% Ag 50nm 0.62 258 480.2
p4VP(DY7)o5+1.0% Ag 50nm 1.06 333 401.6
p4VP(DY7)o5+1.5% Ag 50nm 1.49 320 358.5
p4VP(DY7)0.5+2.0% Ag 50nm 1.97 340 326.6
SRG, birefringence and cis lifetimes

p4VP(DY7)g5 0 255 00
p4VP(DY7)05+0.5% Ag 30nm 0.51 265 307.5
p4VP(DY7)5+1.0% Ag 30nm 1.08 225 239.5
p4VP(DY7)5+1.5% Ag 30nm 1.60 220 201.1
p4VP(DY7)o5+2.0% Ag 30nm 2.04 250 193.7
p4VP(DY7)5+0.5% Ag 50nm 0.59 245 488.2
p4VP(DY7)o5+1.0% Ag 50nm 1.05 255 402.9
p4VP(DY7)o5+1.5% Ag 50nm 1.59 260 350.8
p4VP(DY7)05+2.0% Ag 50nm 2.14 220 317.8

In the beginning, silver nanoparticles with diameter of 8 nm were used. The
particles were synthesized by a two phase method [42]. Inspired by the calcula-
tions described in Sec. 3, larger particles were ordered from nanoComposix. The
motivation to use silver nanopaticles was that silver has the lowest losses in the
visible spectrum, and the surface plasmon resonance of silver nanoparticles overlaps
the absorption of the used chromophore [24]. The particles were delivered with a
polyvinylpyrrolidone-coating (PVP) that allowed good colloidal stability and a sol-
ubility in polar organic solvents. The specification sheets for the ordered particles
can be found in Appendix A.

All starting materials were used as received, dissolved in chloroform® and then
mixed to give the nominal complexation ratios described in Table 1. From the

9CHCl3
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solutions, thin films were prepared by spin-coating on quartz substrates. The thick-
nesses of the films were confirmed with a DEKTAK32 profilometer. The exact
AgNP /complex ratios, thin film thicknesses h and estimated interparticle distances
in the samples are presented in Table 1. The average distances between particles
were approximated by a simple cubic lattice, which is commonly done in litera-
ture [48, 49].

4.2 Experimental Setups

In the experimental setups two irradiation beams are used, one at 457 nm'® and

another at 405 nm!''. The quality of the 457 nm Ar™ laser beam is improved by
using a spatial filter in order to remove aberrations from the beam. In a spatial
filter, the beam is focused through a pinhole, creating a pattern similar to a two-
dimensional Fourier transform of the beam’s transverse intensity distribution. This
filtering technique is often called Fourier-filtering. The polarization of the irradiation
laser beam is adjusted with wave-plates. Wave-plates introduce a controlled phase
shift between the polarization components of the beam. A half-wave-plate introduces
a phase shift of 7, and a quarter-wave-plate introduces a phase shift of 7/2 between
the polarization components of the incident light for corresponding wavelengths .
Thus a half-wave-plate was used to control the linearly polarized light and a quarter-
wave-plate to create a circularly polarized light. The laser beam used for irradiation
with light of a wavelength of 405 nm was not Fourier-filtered in order to obtain
reasonably high irradiation intensities.

4.2.1 UV-Vis Spectra

Plenty of useful information can be obtained purely from the absorption spectrum
of a film. Since the absorption peak of the chromophore and the expected resonance
frequency of the particles are both in the visible region of the spectrum, the spectra
were taken over a range of 300 nm to 600 nm. The spectrometer used for the exper-
iments was a A950 from PerkinElmer. The spectra are obtained in the transmission
mode, and thus they include also the reflection from the material surface. The ab-
sorption value of 1 stands for 10% of relative transmission through the sample. The
absorption coefficient can be derived by Equation (8).

4.2.2 Surface-Relief Gratings

A Lloyd-mirror setup provides a method to create a sinusoidal 1-D interference pat-
tern with a grating period ranging from few hundred nanometers to several microns.
The working principle of the setup is illustrated in Fig. 11. The sample is placed
perpendicular to the reflecting mirror so that half of the irradiation beam propagates
directly to the sample surface, and half via a reflection from the mirror. The mod-

0 Ar+ laser, Coherent Innova 70
1Qolid-state laser, CrystaLaser, DL_405-040-SO
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ulation period of the formed interference pattern on the sample surface, A, depends
on the wavelength of the irradiation beam, A, and the incident angle, 6, by

A
~ 2sind’ (12)
The incident angle 6 is the angle between the inscription beam propagation vector
and the normal of the sample plane. All the measurements in this thesis were
done with a grating period of 1 um, and the incident angle was set according to
Equation (12).
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Figure 11: Schematic of a Lloyd mirror setup used for SRG formation. Half of the
irradiation beam is reflected from the mirror on the sample surface creating an interference
pattern with the other half of the beam, which propagates directly to the sample. The 1st
order diffraction of a separate probe beam from the forming SRG is recorded to observe the
dynamics of the SRG formation. Inset: Typical signal obtained from the photodetector.

As discussed in Sec. 2.1.3, the surface mass transport depends on the polarization
of the incident light. In the experiments, a p-p polarization geometry was used,
despite the fact that with the materials used in the literature, stronger surface-relief
gratings have been obtained with a circularly polarized inscription geometry [3]. The
inscription geometry with linear polarization was chosen, since the induced plasmons
would resonate in the direction of the polarization component of the incident field.
Circularly polarized irradiation was assumed to create weaker enhancement in the
local field induced by the SPR in the direction of the grating vector.

The formation of the SRG was monitored using a separate laser beam, aligned
to penetrate the sample in the direction of the normal of the sample plane. The
wavelength of the probe beam should be chosen so that it is not absorbed by the
chromophores. This probe laser diffracts from the grating with a strength, which
depends on the modulation depth of the grating [47]. The irradiation of the sam-
ple was stopped before a saturation point of the SRG formation. A typical signal
obtained from the photodetector during the irradiation and SRG formation is illus-
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trated in the inset of Fig. 11, where also the beginning and the end of the irradiation
are marked.

4.2.3 Birefringence

The light-induced birefringence is observed from the samples using the setup illus-
trated in Fig. 12. The irradiation beam is fixed to s-polarization, so that the choice
of the incident angle of the irradiation beam would not affect the results. The in-
scription intensity is lower than in the SRG inscription process in order to obtain
reliable data also during the fast increase of the birefringence in the beginning of
the exposure. The polarization of the probe beam is controlled with a polarizer,
and another polarizer is used as an analyzer. The polarizers are crossed and fixed to
+45° with respect to the inscription beam, so that transmission through anisotropic
material would give a minimum signal on the detector. The probe beam, as it is
polarized at 45° with respect to the optical axes of the material before the sample,
has a polarization component along both the ordinary and extraordinary optical
axes. During the irradiation, the molecules in the sample reorientate as explained
in the Sec. 2.1.2, which can be detected as increased transmission on the detec-
tor. A quarter-waveplate is included to the setup in order to create a circularly
polarized beam from the inscription beam, which can erase the formed anisotropy
on the sample. The behaviour of the signal in different stages of the birefringence
inscription-erasure process are illustrated in the inset of Fig. 12.
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Figure 12: Schematic of a setup used for birefringence inscription. The orientation of the
azobenzene molecules is detected as a change in transmission of a separate probe beam
through crossed polarizers. Inset: A typical signal obtained on the photodetector.

The birefringence, i.e., the difference in the refraction indices of the material for
the ordinary and extraordinary optical axes, is defined as An = n, — n, and can be
calculated from

(13)

I = I,sin® (WlAmh)

A



23

where [ is the signal from the detector, I is the transmitted signal propagating
through the sample in an isotropic state and parallel-aligned polarizers, h is the film
thickness and A is the wavelength of the probe beam. The dynamics of the bire-
fringence formation during the exposure is studied by observing the time constants
of a biexponential fit. After reducing background noise from the data, the fitting
equation can be expressed as

An = Ay (1 —e ™) 4 Ay(1 — e7¥/™), (14)

where 7y and 7, are the time constants and A; and A, are amplitudes of the fitting
curves [50].

4.2.4 ci2s-Lifetime Measurements

The cis-lifetimes of the chromophores are measured with a setup illustrated in
Fig. 13. As a white light source, a xenon lamp was used and filtered with a 420
nm band-pass filter'?, which corresponds to the trans absorption band. The sample
was exposed to a circularly polarized laser beam (405 nm). As the cis concentration
increases, the transmission of the 420 nm light increases until a photo-stationary
state is reached. After that, the exposure with the 405 nm beam is stopped, and
the transmission decreases as the chromophores relax thermally to the trans state.
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Figure 13: Schematic of a cis lifetime setup. The cis isomer concentration is detected as
change in the transmission of the probe beam through the sample. A spectrally filtered
white light source is used as a probe. The signal is amplified by a lock-in amplifier. Inset:
A typical signal obtained from the amplifier as a function of time during two exposure

cycles.

2Center wavelength: 420 + 2 nm, Full width at half maximum: 10 + 2 nm
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Since the signal from the filtered white light source is so small, the signal-to-
noise ratio was improved by a lock-in amplifier. The measured signal was chopped
into pulses with a chopper. The lock-in amplifier uses the chopping frequency as a
trigger to integrate the signal over several pulses, thereby reducing the noise. In the
measurements, the chopper frequency is set to 200 Hz and the lock-in time constant
to 100 ms. The intensity of the 405 nm irradiation beam is 150 mW/cm?. An
example of a cis lifetime measurement data as a function of time is illustrated in
the inset of Fig. 13. As can be seen from the figure, the measurement is cycled
twice for each sample. In each cycle, the sample was exposed to the incident beam
for 60 seconds with a proper relaxation time after the exposure (900 s or 600 s).

The cis-lifetimes are obtained from the absorption coefficients of the samples
according to a method introduced by Barrett et al. [51]. Since the setup measures
the transmission, the absorbances are calculated form the equation

[=Ie = A=—In(I/I) (15)

where A is the absorbance of the sample, [ is the signal, and I is the transmission
of the recording beam through a plain substrate. The first order cis-trans thermal
isomerization is denoted by a time constant k; as

ki[cis| = —d|cis]/dt = d[trans]/dLt. (16)

By assuming a completely reversible isomerization, all the molecules are at the trans
state after infinitely long period of relaxation. The absorbance of the film is then
given by the sum of the absorbances of the isomers:

A= Acis + Atrans- (17)

The absorbances of the cis and trans isomers are given by

Ayis = Ozc[cz’s]oe’ktt, Aprans = au[[trans]oo — [cis]oe’ktt], (18)

where a, and o4 stand for the absorbances of the isomers at the probe wavelength.
The absorbance of the film is thus given by

A=Ay — (o — a)cislpe™ ", (19)

and the time constant k; can be interpreted as a slope of a linear fit from a plot of
In(As — A). The cis lifetime is the reciprocal of k;. [51]

4.2.5 Nanomicroscopy

In order to analyse the samples, two imaging methods are used. Firstly, the inscribed
SRGs are imaged by atomic force microscopy (AFM). The atomic force microscopy
is based on a moving tip on top of the sample surface. This method gives accurate
information about the sample topology, and thus the main motivation to use AFM
for imaging the samples is to obtain the modulation amplitudes of the SRGs. The
AFM images are taken from a 10 yum x 10 um area, and with a grating period of
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A =1 pum, ten periods are captured on each image. From these, an average over
five modulations is used to estimate the modulation depth of the whole grating.
An axample of an AFM image taken from a SRG is illustrated in Fig. 14 along
with a graph of a typical surface profile of a SRG. The AFM used for imaging is
a Multimode Dimension 5000 in the NanoMicroscopy Center, operated in tapping
mode.

0,0 pm 20 40 60 8,0

294 nm

X[um]

Figure 14: An example image of a SRG obtained by AFM and a surface profile of SRG.

Another imaging method that was used is scanning electron microscopy (SEM).
The motivation to use SEM images is to get information about the distribution of
the silver nanoparticles on the surface of the sample after the inscription of the
SRGs. Before imaging, the samples are coated with a thin layer of metal in order
to avoid electron charging during the imaging. A metal layer of gold palladium is
made by sputtering. The SEM used for the imaging was JEOL JSM-7500F in the
NanoMicroscopy Center.
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5 Results and Discussion

This section presents the results of the experiments performed in this thesis. It is
divided into three subsections according to the set of prepared samples.

5.1 8 nm Particles

The SRG inscription results with 405 nm on samples containing 8 nm silver parti-
cles revealed promising results in enhancing the inscription process. The 1st order
diffraction efficiencies and the modulation depths of the inscribed SRGs as a func-
tion of the Ag/complex mass ratio are illustrated in Fig. 15. The inscription time
for the samples was 600 seconds. The figure shows that the 1st order diffraction
efficiencies are greater with AgNP /complex ratios of 0.5% - 1.5% than for the sam-
ple without AgNPs. The samples with 0.5% and 1.5% of AgNPs were prepared
after the rest of the series, and therefore are not completely comparable with the
other samples of the series due to the possible oxidation of the particles. However,
the results indicate that an increasing use of nanoparticles leads to a weakening of
the diffraction efficiency and the inscription process. With lower concentrations of
AgNPs, the modulation depths are mostly unaffected by the particles, but decrease
as the nanoparticle concentration exeeds 5 wt-%.
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Figure 15: (a) 1st order diffraction efficiencies and (b) modulation depths as a fuction of
Ag/complex mass ratio for pAVP(DY7)p5 + 8 nm particles. Lines are drawn to guide the
eye. (p-polarized, 405 nm 130 mW /cm?, 600 s irradiation)

Even if both the diffraction efficiencies and grating modulation depths after irra-
diating the samples with 405 nm laser light for 600 seconds are higher for the samples
containing moderate amounts of nanoparticles than for those without particles, the
values of the diffraction efficiencies are surprisingly low for the measured samples.
As a side result from the measurements, it was noticed the age of the sample affects
the inscription process. This is most likely due to the oxidation of the nanoparticles.
The following measurements were performed as soon as possible after the sample
preparation.
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5.2 Wavelength comparison

The SRG inscription on samples containing particles of 30 nm and 50 nm in di-
ameter was executed with two wavelengths, 405 nm and 457 nm. The 1st order
diffraction efficiencies and the modulation depths of the inscribed SRGs as a func-
tion of Ag/complex mass ratios and estimated interparticle distances are illustrated
in Fig. 16. With Ag/complex mass ratios ranging from 0.5% to 2.0%, the estimated
interparticle distances with 30 nm particles range from 195 nm to 307 nm and with
50 nm particles from 326 nm to 480 nm. These distances cover the inscription wave-
length and half of the inscription wavelength on both of the used wavelengths. As
can be seen in Fig. 16(a), there is a decreasing trend of the diffraction efficiency as a
function of the silver nanoparticle concentration with both of the wavelengths and
both of the particle sizes with a few minor exceptions.

The most interesting exceptions to the decreasing trend in the diffraction effi-
ciencies are in samples containing 0.5 wt-% of AgNPs of 30 nm in diameter, where
the diffraction efficiencies exceed the values of those without AgNPs. In Fig. 16(b)
are the modulation depths of the inscribed SRGs as a function of the Ag/complex
mass ratio. In the modulation depths, the decreasing trend is not as clear. Instead,
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Figure 16: 1st order diffraction efficiencies and modulation depths as functions of inter-
particle distances and Ag/complex mass ratios for pAVP(DY7)p5 + 30 nm and 50 nm
particles. Lines are drawn to guide the eye. (Irradiation: p-pol, 405 nm 150 mW /cm? or
457 nm 100 mW /cm?, 800 s) Blue: 30 nm, 405 nm; Cyan: 30 nm, 457 nm; Red:
50 nm, 405 nm; Magenta: 50 nm, 457 nm.
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there is a significant peak in the modulation depths in the samples with 1 wt-%
of 50 nm AgNPs. With the potential error in the modulation depth measurements
in mind, the modulation depths of these two SRGs do not exceed the modulation
depths of those without AgNPs.

The same results from Figs. 16(a) and 16(b) are plotted as a function of interpar-
ticle distances in Fig.s. 16(c) ans 16(d). Interestingly, as can be seen in Fig. 16(d),
even if the SRG modulation depth is not greater than in the sample without the
nanoparticles, the highest modulation depth in the samples with the nanoparticles
is achieved when the interparticle distance is similar to the inscription wavelength,
which is roughly the same as the wavelength of the SPR.

Another interesting detail when comparing Figs. 16(c) and 16(d), is the be-
haviour of the samples containing 30 nm particles when irradiating with 405 nm
light. The less efficient diffraction effiency appears to result in a deeper modulation
depth. This is most likely due to the scattering effect of the AgNPs, which makes
less intensity of the probe beam to propagate to other direction orders than the first
one.

From these result it can also be seen that greater modulation depths and a more
clear dependence on the particle concentration are obtained with the wavelength of
405 nm. This is one of the main motivations to study the light-induced phenomena
in more detail using the 405 nm irradiation.

5.3 SRG Formation and Birefringence with 405 nm Irradi-
ation

5.3.1 Spectral Properties and SRG

The absorption spectra of the pAVP(DY7)g5 thin films containing 0 — 2 wt-% of
silver nanoparticles of 30 and 50 nm in diameter are presented in Fig. 17. The
shape of the absorption spectrum does not change significantly with the AgNP
concentration, but a clear decrease in the overall absorption of the material can be
observed as the AgNP concentration increases. Since there are no clearly observable
peaks in the absorption spectra at the wavelength of the SPR of the AgNPs, the
absorption values at the overall absorption maxima are investigated in more detail.
The absorption values of the samples at the absorption maxima as a function of the
Ag/complex mass ratio are presented in Fig. 18(a). The absorption maxima show
a clear decreasing trend in the absorption of the samples. Whereas the absorption
peak for the sample containing no AgNPs shows an absorption value of ca. 1.7, in
the samples containing 2 wt-% of AgNPs the absorption has decreased to a value of
ca. 1.2.

Another interesting outcome from these spectra is the shift in the absorption
wavelength as a function of the AgNP concentration. Even though the shift is
relatively small, it can easily be distinguished from the data taken in the intervals
of 0.25 nm. The wavelengths, in which the absorption maxima occur, as a function
of the Ag/complex mass ratio are presented in Fig. 18(b). In the case of 30 nm
particles the red-shift reaches its maximum value at the Ag/complex mass ratio
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Figure 17: Absorption spectra of the pAVP(DY7)g 5 samples containing AgNPs (a) 30 nm

and (b) 50 nm in diameter.

of 1.5 wt-%, but decreases for the sample containing 2.0 wt-% of AgNPs. In the
samples containing 50 nm AgNPs, the influence of the AgNP concentration to the
absorption maximum wavelength is more moderate.

The reason for the significant decrease in the absorption maximum with the
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Figure 18: (a) The maxima of the absorption spectra and (b) the wavelength at which it
occurs as a function of Ag/complex mass ratio. Lines are drawn to guide the eye.
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increase of AnNP concentration is unclear. Since the absorption spectra in all the
samples were of similar shape with that of the sample containing no AgNPs, the SPR
can be said to have no influence to the spectral properties of the material. However,
introducing the AgNPs in the material could change the effective refractive index of
the material, and thus increase the reflection in the measurements. Also, the PVP
coating on the nanoparticles could have an effect on the spectral properties of the
material, but the coating only can not solely be responsible for such a significant
change in the absorption. It must also be noted that the roughness of the sample
surface, which also could contribute to the scattering, was not studied in detail.

The inscriptions of SRGs reveal reasonable results. The dynamics of the SRG
inscription process was expected to show differences between the samples, but the
real time measurements of the first-order diffraction efficiencies presented in Fig. 19
do not reveal such differences. The SRG inscription was executed as described in
Sec. 4.2.2. From the Figure it can clearly be seen that the inscription has started
at 30 s and ended 1800 s after the beginning of the irradiation. There is also a
relaxation phase after the inscription that is due to the chemical relaxation in the
polymer matrix. The diffraction efficiency values are clearly decreasing as the AgNP
concentration increases. The maximum 1st order diffraction efficiency values as a
function of the Ag/complex mass ratio are discussed later in the text.

The first seconds of the inscription are shown in Fig. 20 in more detail. The
rapid increase of the diffraction efficiency in the initial state of the SRG inscription
process is due to the formation of photochemical and orientational gratings. The
formation of these weakly diffracting gratings depends on the polarization state of
the probe laser, and requires significantly smaller time scales to occur. A small
decrease in the diffraction efficiency after the rapid increase in the beginning occurs,
because the other gratings are out of phase with respect to the SRG, as explained in
Sec. 2.1.3. The polarization of the probe laser was not changed between the samples
in order to keep the initial behaviour in the diffraction efficiencies comparable with
each other.

The maximum diffraction efficiencies, as the samples were irradiated for 1800
seconds, are illustrated in Fig. 21(a). The diffraction maxima of the last measure-
ment series reveal a diminishing influence of the nanoparticles to the diffraction
efficiencies, without exceptions. The diffraction efficiency values are significantly
smaller than in the previous measurements, even though the irradiation intensity
was only 10% weaker. The reason for this difference is most likely in the tuning
of the setup between the inscriptions. The whole series was made under exactly
similar conditions, so the results within the series are comparable. The maximum
diffraction efficiency in the sample containing no AgNPs is significantly higher than
in those with added AgNPs. The increased amount of AgNPs leads to a decrease
in the diffraction efficiencies after irradiation for 1800 s. The diffraction efficiency
of the samples containing 2 wt-% of AgNPs decreases by a factor of 3 with respect
to the sample containing no AgNPs. This occurs with both 30 nm and 50 nm
nanoparticles.

Figure 21(b) shows the 1st order diffraction efficiency maxima at the initial stage
of irradiation as a function of Ag/complex mass ratio. From the figure it can be
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Figure 19: 1st order diffraction efficiencies of the pAVP(DY7)o.5 samples containing Ag-
NPs (a) 30 nm and (b) 50 nm in diameter during irradiation. Irradiation: 405 nm,
p-polarized, 135 mW /cm?, 1800 s.

clearly seen that also the diffraction due to the formation of other types of gratings
is affected by the AgNPs in a similar way. The decrease is slightly stronger with
the samples containing 30 nm particles than with those containing 50 nm particles.
The samples with a Ag/complex mass ratio on 2 wt-% show a decrease by a factor
of 2 in the samples with 30 nm particles, and by a factor of 1.5 in the samples with
50 nm particles.

As stated in Sec. 4.2.2, in a regular case, the probe laser would diffract more from
the grating with a higher modulation depth. As can be seen in Fig. 22 by comparing
it to Fig. 21(a), the modulation depths of the gratings do not coincide entirely. With
the 50 nm silver nanoparticles, the trend of the modulation depths is decreasing,
apart from a slight increase in the modulation depth between the samples with
Ag/complex mass ratios of 0.5% and 1.0%. With 30 nm nanoparticles, the decrease
is dramatic until 1.0% of AgNPs, where the modulation depth of the SRG is less
than half of that of the sample containing no AgNPs. With larger amounts of 30
nm AgNPs, the modulation depths become deeper.

The behaviour of the SRG modulation depths and the 1st order diffraction effi-
ciencies differ significantly from each other in the samples containing 30 nm nanopar-
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Figure 20: 1st order diffraction efficiencies of the pAVP(DY7) 5 samples containing Ag-
NPs (a) 30 nm and (b) 50 nm in diameter during the beginning of inscription. Irradiation:
405 nm, p-polarized, 135 mW /cm?. The colour codes are the same as in Fig. 19.

35 ; ; 0.014
30 nm AgNPs —_
- 3 50 nm AgNPs |1 =3
S 9 S, 0.012
= 25 %
3 g 001
E 2 w
o [a)
15 & 0.008 30 nm AgNPs
- 50 nm AgNPs
1 0.006
0 0.5 1 15 2 0 0.5 1 1.5 2
Ag/Complex mass ratio [ % ] Ag/Complex mass ratio [ % ]

(a) (b)

Figure 21: The maxima of the 1st order diffraction efficiencies (a) at 1800 seconds of
irradiation and (b) at the initial stage of irradiation as a function of Ag/Complex mass
ratio. Irradiation: 405 nm, p-polarized, 135 mW /cm?. Lines are drawn to guide the eye.

ticles. The measurement made for the wavelength comparison in similar samples
did suggest an interesting behaviour, when the estimated interparticle distance ap-
proaches half of the SPR wavelength of the nanoparticles. Also in the final measure-
ments, the SRG modulation depth is increased at the corresponding Ag/complex
ratio, but continues to increase at the Ag/complex ratio of 2% again. This behaviour
would suggest either a change in the plasmonic properties of the particles due to ag-
gregation or oxidation of the particles, or a decrease in the amount of nanoparticles
due to the sample preparation procedure.

The samples were imaged by scanning electron microscopy (SEM) in order to
examine the nanoparticle distribution on the sample surface after SRG inscription.
At first, the samples were imaged as such, but the quality of the SEM images was
highly distorted due to the charging of the electrons on the surface of the non-
conducting sample. The samples were then coated by sputtering with a thin metal
layer, a layer of gold palladium, in order to make the sample surface conducting to
avoid the charging. The images taken of the sputtered SRG structures are presented
in Fig. 23. The imaged sample was a p4dVP(DY7)o5 film doped with 1.5 wt-%
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Figure 22: SRG modulation depths after 1800 s of irradiation (405 nm, p-polarized,
135 mW /cm?) as a function of the Ag/complex mass ratio. Lines are drawn to guide the
eye.

of 30 nm AgNPs. The grating was inscribed with 405 nm p-polarized beam for
1800 s. In the sample, the estimated interparticle distance is ca. 200 nm, so the
particles should be clearly visible in the images. In Fig. 23(a) the SRG is imaged
with a magnification of 6,500, and the grating can be clearly seen as a periodic
structure on the sample surface. In Fig. 23(b) the grating is imaged in more detail,
with a magnification of 90,000. Despite the good quality of the image, no silver
nanoparticles can be distinguished from the image, which is most likely due to the
thin metal coating.



34

lpm  NMC ' /12/2013
2.00kV SEI GB_HIGH WD 8.3mm 14:42:42

— 00nm NMC 2/12/201
X 90,000 2.00kV SEI GB_HIGH WD 8.3mm 14:41:18

(b)

Figure 23: A SEM image of a SRG sputtered with gold palladium with a magnification
of (a) 6,500 and (b) 90,000. The metal layer is visible, but no nanoparticles can be seen.
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Figure 24: Birefringence of the pAVP(DY7)g 5 samples containing AgNPs (a) 30 nm and
(b) 50 nm in diameter during irradiation. Irradiation: 405 nm, 50 mW /cm?.

5.3.2 Birefringence and cis lifetimes

The photo-induced birefringencies of the samples as a function of time of inscription
with 405 nm (50 mW /cm?) are illustrated in Fig. 24. The figure shows the behaviour
of the birefringence as the irradiation begins at 0 s, is stopped at 200 s, and an
erasure with circularly polarized beam begins at 400 s. From this figure, one can
note that the birefringence is not significantly influenced by the amount of AgNPs
until a certain threshold concentration is reached.

This threshold-like behaviour as a function of AgNP content is examined in more
detail in Fig. 25, where the maximum values of the birefringence measurements as a
function of the Ag/complex mass ratio at the end of the inscription and before the
beginning of the erasure are illustrated. The Figure shows that the threshold for
30 nm particles lies between Ag/complex mass ratios of 0.5% and 1%, and for 50 nm
nanoparticles between 1% and 1.5%. The relaxed maxima in both cases follow the
behaviour of the total maxima. Even if the samples with low concentrations of 50 nm
AgNPs show slightly higher values of birefringence than those without AgNPs, the
differences can be concidered negligible due to the possible error factors during the
measurements.

The speed of birefringence formation in the sample is studied in more detail by
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lines). Irradiation: 405 nm, 50 mW/cm?. Lines are drawn to guide the eye.

making a biexponential fit (Equation (14)) to the data, where 7 and 7, are the
time constants that can be interpreted to tell about the dynamics of the process.
The amplitudes A; and A, are not of interest. The time constants 7, and 7 as a
function of the Ag/complex mass ratio are plotted in Fig. 26. Both time constants
show roughly the same kind of behaviour as a function of Ag/complex mass ratio.
It can be noted that the birefringence inscription is slowest in the sample containing
1.5% of AgNPs of 30 nm in diameter. Unexpectedly, there is no clear correlation
between the birefringence maxima of the samples and the time constants.

The strong decrease in the birefringence values for the samples with an increasing
amount of 30 nm AgNPs at a Ag/complex mass ratio of 1.0% is similar to the
decrease in the SRG modulation depth. This behaviour would suggest that with this
amount of AgNPs, the orientation motion of the azobenzene molecules is suppressed.
With 50 nm AgNPs, the suppression occurs at a slightly greater Ag/complex mass
ratio. This could be due to a change in the plasmonic behaviour of the nanoparticles.
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Figure 26: Time constants of the birefringence measurements (a) 71 and (b) 75 according
to Equation (14). Irradiation: 405 nm, 50 mW /cm?. Lines are drawn to guide the eye.
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However, the examination of the speed of the birefringence formation shows a peak
in the time coefficients of the biexponential fits at Ag/complex mass ratios, for which
the estimated interparticle distances are of the same order as the wavelength where
SPR is to occur. These results also support the assumption that the molecular
orientation is suppressed by the AgNPs at the SPR wavelength.

The cis lifetime measurements were made with a setup explained in Sec. 4.2.4.
The cis lifetimes were obtained from the data by applying the Equation (19). A
proper fit was made to the second relaxation slope of each piece of measurement data.
The time constants k; from the cis lifetime fits by a function of the Ag/Complex
mass ratio are plotted in Fig. 27(a), and the corresponding cis lifetimes in Fig. 27(b).
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Figure 27: a) Time constants k; obtained from the cis lifetime measurements. (b) cis
lifetimes as obtained by applying Equation (19). Lines are drawn to guide the eye.

In Fig. 27 one can see that the cis lifetimes are slightly increased with an in-
creased amount of 30 nm AgNPs, but for 50 nm AgNPs the lifetimes become shorter.
The cis lifetime is clearly shortest within the sample containing 0.5 wt-% of 50 nm
AgNPs, in which the lifetime is decreased by more than 15%.

The increased cis lifetime in the samples containing 30 nm AgNPs supports the
hyphothesis that the isomerization is stabilized by an increase of the amount of
AgNPs. However, the changes in the cis lifetimes are so small that they could be
considered negligible. The effect of 50 nm AgNPs, however, is significant. Even
if the Mie efficiency of absorption for the 50 nm nanoparticles is smaller than for
30 nm particles, the decrease in the cis lifetimes is most likely due to the heating
effect at the SPR. Even if the heating is only few kelvins, the probability for thermal
back-isomerization from trans state to cis state will increase, and would lead to the
observed behaviour.
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6 Conclusions

In this thesis, light-induced motions were studied in azopolymer thin films doped
with silver nanoparticles. For the thesis, calculations on the optical properties for
silver nanoparticles of different sizes were made. Several methods to study the
effect of the silver nanoparticle concentration on the light-induced phenomena in
azopolymer-containing thin films were performed. The light-induced phenomena
studied were photo-induced surface-relief grating (SRG) formation, photo-induced
birefringence and the lifetimes of the metastable cis isomers of azobenzene molecules.
In this section, conclusions are drawn from the main results. Finally, some points
are suggested for future studies on the subject.

6.1 Methods

All the thin films used in the experiments were prepared by dissolving the materials
in chloroform, and by spin-coating the films on quartz substrates from the solutions.
The complexation ratios and Ag/Complex mass ratios were calculated according to
the mass of the solution. Possible sources for error in the sample preparation come
from the environment. The humidity in the laboratory does not remain constant
throughout the year, which may lead to differences in the film quality between the
sample series. Also, even if the silver nanoparticles had a PVP coating, there is a
possibility of nanoparticle oxidation. All the solutions containing nanoparticles were
sonicated for at least 15 minutes before use to avoid aggregation of the nanoparticles
and to ensure as reliable values of nanoparticle concentration in the thin films as
possible.

The inscription setups for photo-induced SRG and birefringence, as well as the
setup for the cis lifetime measurements, required precise alignment of the optical
components. Each component in the setup induces a possibility of error to the
measurements. All the components were adjusted by hand, and some adjustments
had to be made between the sample series. When interpreting the results, this has
to be taken into account. The inscription process is also affected by the quality of
the laser itself. The 405 nm laser was not Fourier-filtered in order to get a sufficient
amount of intensity for the inscription. This may have an effect to the SRG quality,
as well as to the molecular orientation. The errors caused by the setups are, however,
considered small while making conclusions of the results.

For imaging, atomic force microscopy (AFM) and scanning electron microscopy
(SEM) were used. The AFM was used mainly to obtain the modulation depths of
SRGs. The quality of an AFM image depends on the quality of the probe tip, which
was tested before every imaging session. The largest possible error in the AFM
imaging comes from the imaging area selection. A perturbation in the irradiation
setup may lead to an uneven quality of the SRG. In order to avoid the error due to
AFM, each AFM image was taken from the same relative location of the SRG in
each sample. In SEM images no nanoparticles were observed due to the thin metal
layer, that was necessary to have in order to obtain images of good quality.
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6.2 Results

The calculations of the Mie efficiencies for silver nanoparticles of different sizes
quantify the effect of the size of the nanoparticle to its plasmonic behaviour. As the
diameter of the nanoparticle increases, the plasmon resonance shifts towards longer
wavelengths. On small particles, most of the interaction between the incident light
and the nanoparticle is through absorption. On larger particles, scattering begins
to dominate, i.e., the plasmonic properties of the particles will change towards the
properties of bulk silver.

The inscription of SRGs on azobenzene-containing polymer films doped with
silver nanoparticles of 8 nm in diameter revealed an increase in the SRG formation
for modest AgNP concentrations. The increase was notable for both the 1st order
diffraction efficiencies and the SRG modulation depths, as the Ag/complex mass
ratio was less than 1.5%. The decrease of both the 1st order diffraction efficiency
and the SRG modulation depths as the Ag/complex mass ratio exceeded 5% is most
likely due to aggregation of the nanoparticles. Also, according to the Mie efficiency
calculations, the plasmon resonance wavelength for 8 nm nanoparticles is ca. 360 nm.
The effect could increase if the inscription wavelength and the wavelength of the
chromophore absorbance would be closer to the plasmon resonance wavelength.

The plasmon resonance wavelength and the irradiation wavelength are closer
when introducing larger nanoparticles. With the samples containing 30 nm and
50 nm silver nanoparticles, inscription of SRGs was executed with two wavelengths:
405 nm and 457 nm. The 1st order diffraction efficiencies and the modulation
depths of the formed SRGs were examined as functions of Ag/complex mass ratios
and estimated interparticle distances. With the larger particles no enhancement
was observed in either diffraction efficiencies or modulation depths compared to
those measured from the sample containing no nanoparticles. However, the effect
of the particle concentration on the observed values was notably different for the
two inscription wavelengths. Inscription with 405 nm on samples containing 30 nm
particles did show that the diffraction efficiency and the SRG modulation depth do
not correlate on these samples. Additionally, an increase in the modulation depth on
samples that had an estimated interparticle distances of ca. the wavelength or half of
the wavelength of the 405 nm irradiation light was observed. However, the diffraction
efficiency was decreased with an increase in the nanoparticle concentration, which
is most likely due to increased scattering from the large particles. Inscription with
457 nm resulted in smaller modulation depths and larger diffraction efficiencies,
which was most likely due to the better quality of the 457 nm laser beam.

Further studies on the SRG inscription with the 405 nm laser revealed a dra-
matic decrease in the diffraction efficiencies as the nanoparticle concentration was
increased for both the 30 nm and 50 nm silver nanoparticles. Again, the SRG modu-
lation depths did not correlate with the diffraction efficiencies. A dramatic decrease
of the SRG modulation depths was observed on samples containing 1 wt% of 30 nm
nanoparticles. This change in the behaviour as compared to the previous set of
measurements could be explained by a change in the plasmonic properties of the
nanoparticles due to oxidation between preparation of the sample sets. Also, the
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concentration of nanoparticles in the nanoparticle solutions may have been differ-
ent, even if the possible error factors in the sample preparation were minimized by
sonication prior to each step of sample preparation.

The inscription of photo-induced birefringence on samples containing larger nano-
particles showed that the maximum birefringence values were unaffected by the
nanoparticle concentration until a certain threshold value for the nanoparticle con-
centration was reached. In the samples containing 30 nm silver nanoparticles, the
threshold value lay between 0.5 and 1.0 wt-%, and for 50 nm silver nanoparticles be-
tween 1.0 and 1.5 wt-%), after which the maximum birefringence value was decreased.
For the samples containing 30 nm nanoparticles, this threshold value corresponded
to an amount of nanoparticles, which resulted also on the weakest SRG modulation
depth. Examination of the dynamics of the birefringence formation revealed that
on the samples containing 50 nm particles, the birefringence formation dynamics
correlated to the maximum birefringence values. In case of the 30 nm nanoparti-
cles, the speed of the birefringence formation was strongly decreased on the sample
containing 1.5 wt-% of nanoparticles.

The cis lifetime measurements showed that the lifetime of the cis isomer of the
azobenzene molecule was slightly increased as a function of the 30 nm silver nanopar-
ticle concentration. However, the increase was so small that it could be estimated
to be negligible. For 50 nm nanoparticles, even modest amounts of nanoparticles
caused the cis lifetimes to decrease ca. 15%. The photochemical properties of the
used chromophore make the interpretation of these results difficult, as in a bisazoben-
zene there are two isomerizable azo-bonds. One may, however, conclude that since
the cis — trans isomerization is thermally metastable, even a small increase in the
temperature could cause this kind of changes in the cis lifetimes.

6.3 Future Studies

As can be seen from the Mie efficiency calculations, the larger the particle, the
stronger is the scattering, and thus the nanoparticles will begin to behave in a
plasmonic manner. Combined with the rather unexpected results with 50 nm silver
nanoparticles, a suggested conclusion is to keep the nanoparticles smaller than 50 nm
in order to obtain as efficient local field enhancement as possible. Also, with smaller
particles, smaller interparticle distances are obtained with the same mass ratios.
This is desirable due to the short range of the local field enhancement.

Even if silver has rather small losses, i.e., the penetration depth is larger than,
e.g., for gold, there are no clear benefits in using silver instead of gold regarding the
enhancement of the light-induced phenomena on azobenzene-containing polymer
films. Inspection of the optical properties of spherical metallic nanoscale particles
through the Mie efficiencies reveal that the optimal conditions for SPR are with
particles smaller than 30 nm in diameter. The plasmon resonance frequency is thus
moved to the UV region. This is one of the reasons why it is recommended to
use gold nanoparticles under 10 nm in diameter instead of silver, since the SPR
resonance frequency would lie in the visible region of the spectrum, and would thus
be more suitable to be used in azobenzene-containing systems.
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As stated earlier, the aggregation of organic molecules can be prevented by in-
clusion of silver nanoparticles in the system. In the used chromophore-polymer
combination, the optimal complexation ratio has been proven to be 0.5, which could
be because of the aggregation of the chromophores or decreased free volume around
the chromophores with larger chromophore concentrations. By introducing silver
nanoparticles, it could be possible to enhance efficient the complexation ratio of the
used complex in order to enhance also the light-induced phenomena of the material.
This is one thing suggested for future studies.

The azobenzene molecule used in the experiments was DY7, a bisazobenzene
molecule. The kinetics of DY7 is not well understood because of the second azo-
bond. In order to efficiently study the effect of local field enhancement by plasmonic
structures on the ligt-induced phenomena in azobenzene-containing polymer films,
it would be important to use materials that are well-known.

The results give valuable information about the influence of metallic nanoparti-
cles on the light-induced phenomena in azobenzene-containing polymer systems. If
anyone is willing to make further studies on this specific subject, reading this thesis
beforehand will save him /her a lot of trouble.
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