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Abstract

Hybrid superlattices (SLs) consisting of soft polymers with low refractive index
polymers and hard oxide nanoparticles with high refractive are highly suitable
materials for the application in 1D phononic and photonic crystals.

In this theses the synthesis of titania and barium titanate nanospheres as building
blocks for such SLs is described, including the influence of solvents and ligands on
the particles synthesis. In the case of titania nanoparticles the morphology could be
changed from spheres to cubes and the assembly of these nanocubes into mesocrystals
is presented. In the case of barium titanate the addition of different amounts of
ligand into the reaction mixture, to control the morphology, is investigated and first
experiments on the assembly of ferroelectric barium titanate rods in an electric field
are conducted.

Further different SLs are built-up and characterized using scanning electron
microscopy, UV-Vis- and Brillouin spectroscopy to monitor the morphology, to
identify the photonic band gaps and to invest the phonon propagation respectively.
In this work, the focus is set on the fabrication of the SLs using the facile method
of spin coating. Special emphasis was put on the conditions needed to obtain
highly homogenous multilayered SLs in the nanometer range from poly(methyl
methacrylate) (PMMA) as soft low refractive index materials, and titania, barium
titanate and silica nanoparticles as hard, high refractive index materials. Beside
simple (AB), structured SLs, with A being PMMA and B being oxide nanoparticles,
more complex structured SLs are invested. For example a tandem SL built-up from
two different (AB),-type lattices and SLs with a higher periodicity like (ABAC),-
type SLs were built-up and characterized. Further the difficulties of spin coating
a SL containing colloidal particles as a defect layer in an (AB),-type SLs and the
influence on the phononic band structure is discussed. Finally the substitution of
PMMA through stimuli responsive poly(2-vinyl pyridine) (P2VP) was examined
and preliminary experiment on the swelling behaviour of P2VP as a layer material
showed the potential of P2VP to built water vapour responsive photonic crystals.

The studies conducted in this work help to offer the fundamental knowledge about
the propagation of photon and phonon within 1D SLs, focusing on the synthesis of
building blocks and the fabrication of SLs. It is expected that this understanding
will enormously contribute to the development of acoustic diodes and heat flow

managing devices in the future.
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Abstract (German)

Die aus weichen Polymeren mit niedrigem Brechungsindex und aus harten, oxidischen
Nanopartikeln mit einem hohem Brechungsindex aufgebauten Hybridiibergitter sind
vielversprechende Materialien, um eindimensionale photonische und phononische
Kristalle aufzubauen.

In dieser Arbeit wird die Synthese von Titandioxid- und Bariumtitanat-Nano-
partikeln beschrieben, welche als Bausteine fiir die Ubergitter verwendet werden. Es
wird der Einfluss von Lésemitteln und Liganden auf die verschiedenen Synthesen
untersucht. Hierbei wird gezeigt, dass die Morphologie der Titandioxid-Nanopartikel
von sphérischer bis hin zu wiirfelartigiger Form geédndert werden kann und dass
diese Nanowdiirfel zu Mesokristallen angeordnet werden kénnen. Es wird der Einfluss
verschiedener Liganden auf die Synthese der Bariumtitanat-Nanopartikel untersucht,
um die Morphologie der Nanopartikel zu beeinflussen. Des Weiteren werden erste
Versuche zur Ausrichtung der ferroelektrischen Bariumtitanat-Nanostdbchen im
elektrischen Feld beschrieben.

AuBerdem werden verschiedene Ubergitter aufgebaut und mit Hilfe von Raster-
elektronenmikroskopie, UV-Vis- und Brillouin-Spektroskopie werden die Morphologie,
die optische Bandliicke und die Phononenleitung in den Ubergittern bestimmt. In
dieser Arbeit wird der Fokus auf den Aufbau der Ubergitter mittels Rotations-
beschichtung gelegt. Es werden die genauen Bedingungen erforscht, um homogene
Multischichten aus dem weichen Poly(methylmethacrylat) (PMMA) mit niedrigem
Brechungsindex und dem harten Silicium-, Titandioxid und Bariumtitanat mit hohem
Brechungsindex im Nanometer Masstab aufzubauen. Neben einfachen Ubergittern
mit einer (AB),, Struktur werden auch komplexere Gitter untersucht. So wird zum
Beispiel ein sogenanntes Tandem-Gitter, bestehend aus zwei verschiedenen (AB),-
Gittern und verschiedene Gitter mit einer (ABAC),-Periodizitit aufgebaut und
charakterisiert. Dariiber hinaus werden auch die Schwierigkeiten diskutiert, die mit
dem Einbringen kolloidaler Partikel in ein (AB),-Gittern einhergehen. Abschliefend
wird die Substitution von PMMA durch das responsive Poly(2-vinylpyridin) (P2VP)
beschrieben und erste Versuche zum Schwellverhalten des P2VPs werden durchge-
fithrt. Zusétzlich wird die Moglichkeit aufzeigt, mit Hilfe von P2VP in Wasserdampf
responsive Photonischen Kristallen aufzubauen.

Mit dieser Forschungsarbeit wird dazu beigetragen, die Grundlangen der Photonen-
und Phononenleitung in eindimensionalen Ubergittern zu verstehen, wobei der Fokus
auf der Synthese der Bausteine fiir die Ubergitter sowie dem Aufbau der Ubergitter
liegt. Das bessere Verstindnis der Photonen- und Phononenleitung ebnet den
Weg fiir die Entwicklung akustischer Dioden und Materialien zur Kontrolle des

Wairmeflusses.
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Introduction






Photonic Superlattices

When light interacts with materials there are different kind of interactions depending
on the nature of the material. If light hits onto a simple non transparent solids it
gets reflected. But if light hits onto a partial transparent materials it gets partial
reflected and partial refracted, the refraction depends on the internal properties of
the material (dielectric constant or refractive index). If we go one step further and
observe the interaction between light and a periodically structured material, which is
composed of two partial transparent materials with different dielectric constants, we
observe multiple reflection and multiple refraction at the interface between the two
building materials. These multiple reflection and refraction yield in an interference
of the light and therefore a interference pattern is formed. The last mentioned
materials are called photonic crystals (PtC), which are widely spread in nature as
well as in technology. They are periodically structured materials from high and low
refractive index materials and the periodical structuring can take place in one, two

or three dimensions (see figure 1.1).

a b

Schematic illustration of a one (a), two (b) and thee (c¢) dimensional photonic
crystals.

With PtC it is possible to control the flow of light depending on their periodicity
in one, two or three dimensions. One dimensional PtC are built from planar layers
of alternating high and low refractive index materials. One very prominent example
is the male species of the Moroho menelaus butterflies™. An image of the butterfly
and its structured wing is shown in figure 1.2. The bright blue colour is caused by a
one dimensional structure of alternating layers of cuticule lamellae (high refractive
index) and air (low refractive index).

Nature does not only give us examples of one dimensional PtCs but also for two
and three dimensional ones. One example for a two dimensional PtCs is present in the
Marine poychaete worm Aphrodita and Pherusa, Vukusic2003a a three dimensional
PtCs is located in the S-iridophores of panther chameleons!?.

The PtCs in the marine poychaete worms are built from 2D hexagonal lattice

of voids, which forms pseudo-PtC fibres. An image of the worm is shown in figure
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a) And b) photos of the male Morpho menelaus butterfly. ¢) A microscope image
of its wing. d) SEM image of an iridescent ground scale. e) Lateral SEM image of a ridge.
e) TEM image of the cross section through a M. Menelaus iridescent scale.!!]

1.3a). In figure 1.3b a SEM and in figure c)-e) TEM images of the the hexagonal

photonic patterning of the worms seta is presented.

a) Photo of a Marine poychaete worm Aphrodita. b) SEM image of setae of the
polychaete worm, scale bar 2 um. c¢)-e) TEM image of the transverse section though a seta,
scale bars: ¢) 5 um, d) 1 um, e) 120 nm. %!

Recently Theyssier et al. published a paper explaining the change of the colours
in the male panther chameleons when it goes from its relaxed state (green) to its
excited state (yellow/orange).?) An image of the chameleon is given in figure 1.4
a), on the left side the relaxed green state and right side the exited orange state
of the chameleon is presented. A systematic scheme of the chameleon skin with its
epidermis, and its S- and D-iridophores is shown in figure 1.4b). They could prove
that the colour change is caused by a swelling and deswelling of guanine nanocrystals
in the S-iridophores in the epidermis of the panther chameleon. These guanine
nanocrystals, shown in figure 1.4 ¢), can be understood as three-dimensional PtCs.
They are well arranged in a fcc packing and a swelling of these crystals causes a
change of the lattice constant of the PtC and therefore the position of the photonic

band gap is changed and the colour of the animal turns from green to orange.
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a) Image of the male panther chameleon in its relaxed state (green) and its
excited state (orange). b) Cross-sectional image of the epidermis of the chameleon; scale bar
20 pm. ¢) TEM image of guanine nanocrystals in S-iridophores in the excited state and
three-dimensional model of an fcc lattice; scale bar 200 nm. d) TEM image of the guanine
nanocrystals in D-iridophores; scale bar 200 nm.[?!

In literature there are many examples for PtC inspired by the structural colours
of the nature.[ For simplicity reasons we will focus on 1D PtC starting from here
because they are easy to fabricate, simple to explain and subject of the research

done within this thesis.

Researchers all over the world are interested in fabrication of 1D PtC. They can
be built from purely inorganic based materials® or purely organic materials, mostly
polymersl?, as well as from a combination of organic and inorganic materials, so
called hybrid PtC[”. While inorganic or hybrid 1D PtC are usually fabricated by spin
coating alternating layers from high and low refractive index materials, polymeric
based PtC are made by self-assembly of block copolymers. A very interesting example
of an inorganic PtC build from only titania was published recently®/. They create
the refractive index difference by using two different shaped titania nanoparticles.
One layer is made from spherical titania nanoparticles which show a low film porosity
and the other layer is made from discoidal titania nanoparticles which form highly
porous films. This difference in the porosity of the two layers is strong enough to

show a refractive index difference between the two layers and therefore create a PtC.

As mentioned above the properties of the PtC are given by the dielectric constant
or the refractive index of the materials as well as the lattice parameters of the crystal.
The band gap of a photonic crystals is the frequency of the light waves which can
not travel through the crystal nor can they get absorbed by the crystal building
materials. Thus the position of the band gap is an important parameter for the

description of an PtC.
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The position of the band gap of 1D PtC can be roughly predicted by the Bragg-
Snell law, which is given in equation 1.1. Apz4, is the central frequency of the band
gap, n;, and ng are the refractive indices of the low and high refractive index and hy,
and hg are the thickness of the low and high refractive index layers respectively. The
Bragg-Snell law presumes that the incidence of the light is normal to the periodicity

of the crystal and that the materials are non absorbing.

MAMaz = 2(np - hr +npg - hi) (1.1)

As we can see from equation 1.1 the position of the band gap depends on the
lattice parameter a (a=hy,+hy) and the refractive index of the materials. To obtain
crystals with a band gap in the visible wavelength range we need lattice spacings in
the nanometer range.

Two other parameters which define the properties of the PtC are the bandwidth
and the reflectivity. The bandwidth is given by equation 1.2:

4 _
Aw = Smazx sin™! 7‘7% n| (1.2)
s ny+ng
With )
TC
Wmazx = 3 (1.3)
max

Equation 1.2 shows that if the mismatch between the to refractive indices is big
the band gap is wide.
The reflectivity R is given by equation 1.4
no — ns(fk)*N

R= 2 1.4
n0+ns(%)2N] (1.4)

Here ng is the refractive index of air, ng is the refractive index of the substrate and
N is the numbers of layers in the PtC. With this three parameters we have defined
the most important parameters for Bragg reflectors.

Typical application fields of PtC are optical filters!”) as well as optical fibres and
waveguides. Further PtC increase the efficiency of LEDs when they are put on a

LED as a surface layer!!?) and boost the efficiency of lasers.[!1:12]
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Phononic Superlattices

Phononic crystals (PnC) can be understood as mechanical analogs of PtC. They are
materials which can manipulate the flow of acoustic waves and similar to PtC they
can be one, two or three dimensional wave guides.

PnC were predicted theoretically more than 20 years ago.'*14 One-dimensional
PnC show a periodic modulation of the elastic impedance Z (pcr,) along the axis
perpendicular to the substrate. The phonon propagation in the system can be
controlled by the spatial modulation of Z with the most striking feature being the
formation of unidirectional phononic band gaps.

The first experimental data of soft 1D PnC were published by Gomopoulos et al.
in 2010.1'5) They fabricated a Bragg stack from poly(methyl methacrylate) (PMMA)
and silica (SiO2) layers by sequential spin coating. Utilising the non-destructive
technique of Brillouin spectroscopy, a clear phononic band gap was observed with a
central frequency of 12.6 GHz. The results were supported theoretically by finite
element analysis (FEA). A more detailed study of phonon propagation in Bragg
Stacks was published by Schneider et al.'% A SEM image of this 1D PnC is given in
figure 2.1a), the lattice constant is given with 117 nm with 39 nm for the soft PMMA
and 78 mm for the hard silica layer. In figure 2.1b) the phonon dispersion relation
of this PnC is shown. The central frequency of the phononic band gap is at 12 GHz
in the hyper sonic frequency and the width of the band gap is about 2 Hz. There
are more details studies about PMMA SiO9 super lattices, for example the influence
of defect layers in the PMMA-SiOo SL has been investigated systematically.!!”]

1 0 « Theory

Frequency f/GHz
3
e

T T T
0.00 0.01 0.02 0.03 ]

a) SEM image of 1D PnC built from PMMA-SiOy SL. b) Phonon dispersion
relation of that PnC.[¢]

One example for a 2D PnC is the artwork of Eusebio Sempre (see figure 2.2)
This artist built a kinematic sculpture from hollow stainless-steel cylinders with

a diameter of 2.9 cm. They are periodically arranged on a round platform with



a diameter of 4 m with a cylinder to cylinder distance of 10 cm. His kinematic
peace of art shows a Bragg attenuation peak at 1670 Hz. Martinez-Sala et al. could

demonstrate, that this peak corresponds to the [100] destructive interference peak.[18]

o
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a) Photo of the kinematic sculpture by Eusebio Sempre. b) Sound attenuation vs.
sound frequency diagram of the kinematic sculpture.!8]

A very prominent example for a 3D PnC is the one published by Liu et al.l!Y)
They build a cube from silicone rubber coated lead beats shown in figure 2.3. The
hard core of the beats is 5 mm and the soft shell is 2.5 mm. This building blocks
were then arranged in a 8x8x8 cubic crystal with a lattice constant of 1.55 cm. This
three dimensional phononic structure exhibits two stop bands. The lower is located

at a central frequency of 500 Hz and the higher frequency band gap is at a central
frequency of 1600 Hz.[Y!

SN

P M. NP 5

10* 10° _ 10° 10" RMM I XR
Amplitude Transmission 1
Coefficient

a) Cross-sectional image of a coated lead sphere. b) Sonic crystal formed from
assembly of 8x8x8 spheres. c¢) Calculated (solid line) and measured (circles) amplitude
transmission coefficient for the PnC and d) its calculated band structure.[!?]

This three examples for PnC already show, that the position of the stop band for

acoustic waves can be tuned in a huge frequency range. Depending on the lattice
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spacing of their periodic structures as well as on the density contrast between the
two used building materials a sound wave range from the infrasonic (Hz) to the
hypersonic (10?2 GHz) can be covered. This makes PnC interesting for application

in sound management as well as for thermal management application or sensors. 20!

There are many approaches to realise phononic crystals there are polymer based2%,

metal based and hybrid PnC. While polymeric structures have the advantage of
scalability, wide tunability, easy functionalization, mechanical flexibility, light weight,
relatively low cost and good compatibility with different patterning methods they
also show a natural boarder of contrast. Because they are built from organic
materials where the refractive index and the elastic moduli can be varied only in
a small range. Inorganic based materials have the advantage of wide density and
refractive index ranges but these materials are often difficult to process, expensive
and non flexible. To use organic-inorganic hybrid materials gives us the possibility
to combine the easy processable and tunable polymers with high density and high
refractive index inorganic nanoparticles. And therefore hybrid materials open a wide
range of possible materials for designing the band structure of phononic materials

while further pushing the density contrast.

Similar to photonic crystals or semi conducting crystals PnC are characterised by
their band structure. While the electronic analogs are characterised by the electronic
band model described through a conducting and a non conducting band in the so
called band diagram, the band diagram of phononic crystals is described by their
dispersion relation. The dispersion relation is a plot of the angular frequency (w(k))

vs the wave vector (k).

Depending on the materials which the phononic crystal is made of, the band
structure differs. There are mainly two parameters which can be tuned to change
the band structure of phononic crystals. One is clearly the lattice spacing, which
determines the wavelength of the scattered waves and therefor the wavelength region
of the band gap. The angular frequency of the scattered wave is linked to the lattice

spacing.

1 (2.1)

With A being the wavelength of the acoustic wave and a being the lattice parameter.
The width of the band gap is mainly determined by the acoustic impedance (Z)
difference of the two lattice building materials, making the impedance the second
big factor that influences the band structure. The acoustic impedance is a function

of the sound velocity (¢) and the density of the materials (p).

Z=cp (2.2)
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Z determines the reflectivity (R) of acoustic waves.

Za— 21y

R— (22"~
Zy+ 2y

(2.3)

Is the reflectivity smaller than 1 (R<1) the wave propagates through the medium.
Is the reflectivity greater than or equal to 1 (R>1) reflection of the waves accrues.
And therefore the band gap opens up. The impedance is not only determined by the
intrinsic material properties but by the porosity of the materials as well. This plays
an important role especially in PnC built up from nanoparticle films. The packing
density of the nanoparticles has a huge influence on the filling ratio of the material
and therefore on the volume fraction and the acoustic impedance. In this work we
focus on hypersonic PnC. That means The band gap of the presented PnC is in the
gigahertz frequency range and therefore a lattice spacing in a dimension of about
100 nm. is required. The method to characterise the band structure in the giga
Hertz frequency range is the Brillouin spectroscopy (see chapter Characterization 8).

Future applications for this kind of PnC could be any device where it is needed
to control and guide the flow of acoustic waves. We could image sensors for acoustic

waves, acoustic diodes as well as devices for heat flow management. 20!
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Pho(X)onic Superlattices

Pho(X)sonic crystals (PXC) are crystals which can control both the flow of light
and acoustic waves. They are a combination of photonic crystals and phononic
crystals with the X in pho(X)onic substituting the t and the n of photonic and

20} Since PtC do not allow certain light frequencies to propagate though

phononic.
them (photonic band gap) the can be considered blind for these frequencies. In a
similar fashion PnC block acoustic waves of certain frequencies (phononic band gap)
they can therefore considered to be deaf. Pho(X)onic crystals which are defined
as having both, a photonic and a phononic band gap are both, blind and deaf for
defined frequencies.

So which conditions are necessary to build such structures? As mentioned in the
previous chapters PtC can be built from periodic materials with a modulation of
the refractive index, while PnC need a periodic modulation of the elastic moduli (or
density). Therefore it seems obvious that if there are two materials with a significant
refractive index contrast and at the same time a significant mismatch of their elastic
moduli it is possible to design structures with a dual, photonic and phononic band

24.25] approaches to

gaps. There are some theoretical2123] as well as experimentall
realize such opto-acoustic crystals.

A three dimensional crystal, with both a photonic and a phononic band gap has
been reported by Akimov et al.2® They described the photonic and the phononic
band structure of close-packed silica spheres (d=359 £10 nm) on a substrate. They

show a photonic band gap at a central frequency of Apax = 765 nm and two phononic

band gaps, one from 4 to 9 GHz and the other one with a central frequency of 12 GHz.

A two dimensional opto-mechanical crystal has been designed by Safavi-Naeini

27]

an co-workers in 201026/ and was later experimentally realised.2?”) They could show

in an array of snowflakes as a slap-structure (see figure 3.1) open a full phononic

a) » b) oo d) ~. &)

dbl " .. .

Sy r e

\ “\Ek T 300 . 4
LR £ : . i
Vb - 200

= _“__t‘ 3 S a_,..._":“

L wll W L[/SAAl PR 09090
d : S
R - T r M K T i

a) Unit cell of the snowflake PnC. b) photonic and ¢) phononic band structure of
a silicon planar snowflake crystal with (d, r, w, a)= (220, 200, 75,500) nm. d) SEM image
of the fabricated snowflake crystal structure. e) Schematic image the fiber-taper-coupling
method used to characterise the optical properties of the array.

11
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band gap and a pseudo optical band gap. The phononic band gap is located at
6.9-9.3 GHz while the pseudo photonic band gap is located at 185 to 285 THz which
corresponds to a wavelength of 1620 to 1275 nm.

1D periodic structure with a pho(X)onic cavity was theoretical modelled by
Psarobas and Papanikolaou in 2010.128] They found that a periodical system built
from homogenous SiO2 and Si layers show a strong non linear acousto-optic effect
in a pho(X)onic cavity. A full theoretical and experimental characterization of a

PXC is given within this work, a detailed description is given in chapter 9.
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Aims and Objectives

As mentioned in the previous chapters it is important to gain a deeper understanding
of photonic (PtCs) and phononic crystals (PnCs). To understand the motion of
photons and phonons is essential for tuning light, sound and heat propagation. To
realise and further develop devices like acoustic diodes, acoustic rectifiers, and to
improve the medical utility of focused ultrasound it is indispensable to study the
interaction between phonons and nanostructured materials. The goal of this thesis is
the fabrication and characterisation of new, one dimensional photonic and phononic
crystals on the nanoscale.

For the fabrication of nano-scale structured materials first of all nano-scaled
building blocks are needed. Since a density contrast is indispensable for PnCs, we
decided to combine soft (low density) polymers and hard (high density) inorganic
nanoparticles.

Most of the superlattices (SL) within this work are build up from commercially
available poly(methyl methacrylate) and oxide nanoparticles. Changing the building
blocks of the SL opens the possibility to tune the position and width of the band
gap. This allows so-called band gap engineering and thereby influencing the optical
and acoustic properties of the material. The positions of the band gaps is not only
determined by the materials of the SL, but the lattice spacing as well. If we want
to equip SLs with tunability, we can incorporate layers which can be swollen by
solvent vapour. These layers can be build up from responsive polymers. RAFT
polymerisation allows to synthesize polymers with a well defined molecular weight
and low dispersity. On top of this, the polymerisation of active esters opens the
possibility to add functionalities to the polymer via post polymerisation reactions.
Poly(vinyl pyridine) is known to swell in the presence of ethanol or water depending
on wether it is quaternized or not. In the presence of water vapour the lattice spacing
is increased and therefore the photonic an phononic band structure changes. This
could be interesting for the use of such SLs in optical sensors for solvent detection.

As high density materials, oxide nanoparticles are used. Titania with a density of
the bulk anatase phase of 3.79 g/cm? seems to be a promising candidate, especially
because the synthesis of nano-sized titania is well established. Another promising
candidate is barium titanate with an extremely high density of 6.08 g/cm? for the
bulk material. On top of their high density, both oxides show a high refractive index
which opens the possibility to not only get PnCs but also to fabricate crystals with
a dual phononic and photonic band gap.

Even though many synthesis strategies for titania and barium titanate nanoparti-

cles are known, their application in nanostructured SLs poses new challenges. On
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one hand they need to be small enough to fabricate uniform layers in the range
of 50 nm, while on the other hand they should have a good solubility for an easy
processing while being non-soluble in the solvent of the polymer. Another problem
arrises from the porosity of the nanoparticle layers if nano-sized spheres are used.
The synthesis of cube shaped nanomaterials is promising for the fabrication of less
porous and therefore higher density layers.

Barium titanate nanomaterials are further interesting because of their ferroelectric
properties. Nanorods from this material could find interesting applications in
ferroelectric liquid crystals, because they should align in an electric field.

Besides changing the building blocks of the superlattices a different stacking order
is also investigated. While first a simple (AB), lattice is studied, later on (ABAC),
structures are build to study their photonic properties. Further, the influence of
different defect layers and their impact on the band structure is interesting. The
integration of colloidal silica particles as a defect layer in a PMMA silica SL is
discussed within this work.

The aim of this work is to fabricate new SL. With this work we want to tie on
the work of the PMMA-SiOs SLs and substitute PMMA with responsive polymers
and the SiOy with different inorganic nanoparticles as described above. Especially
the usage of BaTiOs nanoparticles seems very interesting because BaTiOg is one
of the materials with the highest density known and therefore gives an enormous
contrast to the polymer density. And by heighten the density contrast we hope to
widen the phononic band gap.

In the following chapters, the synthesis of titania and barium titanate nanoparticles
is presented (Part II: Building blocks) followed by the fabrication of different
SLs and insights into these photonic and phononic band gap materials (Part III:
Superlattices).

Chapter 4



Building Blocks

In this part a description of the synthesis of high refractive index and hard inorganic
layer materials is given. Further, variations of the standard nanoparticle synthesis

will be described as well as the application of the resulting nanoparticles.
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Synthesis and Application of TiO»
Nanoparticles

Manuscript: Nanoscale surface chemistry directs the tunable assembly of anatase

nanocubes into three-dimensional superlattices

Abstract

An important step in nanocrystal self-assembly is programming the large-area
organization of a single type of nanocrystals into distinct superlattices with tunable
packing efficiencies. Here we utilize nanoscale surface chemistry to direct the self-
assembly of anatase nanocubes into a distinct three-dimensional superlattice. High
nanocrystal solubility combined with weak electrostatic attraction was sufficient
to assemble the 3,4-dihydroxy-cinnamic acid (DHCA) functionalized nanocubes
into large superstructures. The characteristic dimensions of the superlattice are
controlled by the particle concentration. The nanocubes assemble into large and
highly oriented thin arrays induced by the pH mediated surface charge (pH: 12.5)
during the initial phase of drying-mediated self-assembly. The discovery that
translational and orientation order of nanocrystal superlattices can be induced by
the interplay of thermal energy, steric repulsion and ionic interactions in a nucleation
and growth self-assembly process offers new insight on the importance of the initial
nucleation stage in the self-assembly process and suggests new routes for controlled

self-assembly of nanocrystals.

Introduction

Self-assembly of micrometer- and nanometer-scale colloidal particles into ordered
mesocrystalline structures, whose properties can be tailored by manipulating the size,
shape and composition of the nanocrystalline building blocks in a LEGO-like manner
has evolved in recent years to a materials concept important for both, fundamental
science and technological applications.[23% In particular, inter-particle interactions
in nanocrystal superlattices can lead to collective properties, which are significantly
different from those of the corresponding isolated nanocrystals.31 33 A fascinating
aspect of these superlattices is that their properties may be tailored not only through
the size and properties of the individual building blocks, but also by the interactions
between them.?¥ Therefore nanocrystal superlattices offer unique opportunities to
study many collective phenomena of granular materials,3® such as metal-insulator

transitions, 3% resonant energy transfer®? or plasmon propagation.[:m Therefore,
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controlling the spontaneous organization of nanoscale objects is a grand challenge
for nanotechnology and materials design.

Existing methods for fabricating nanocrystal superlattices are based on the self
assembly of highly monodisperse colloidal nanocrystals through solvent evaporation
or by antisolvent destabilization.3? The self-assembly of nanocrystals is a complex
process, involving a multitude of interactions and driving forces (van der Waals,

[32] Therefore the formation of superlattices with

Coulomb or dipolar interactions).
long-range ordering requires precise control over many variables, e.g. the size
distribution of nanocrystals, capping ligands, and solvent evaporation kinetics
etc.. As a consequence nanocrystals may be stabilized by weak non-covalent or
strong covalent forces, and nanocrystal assemblies may be ordered or disordered.
Self-assembled nanocrystal superlattices often show poor collective properties (e.g.
electrical conductivity) due to the large inter-particle spacing induced by the capping
ligands,38 and post-treatments like ligand exchange,39 4! aging/*? or sintering!4?!
are required to enhance mechanical stability*143) and electronic coupling®4%) which
in turn can lead to additional structural defects.[** 47 A associated defect analysis
has been carried out in detail for larger (approx. 100 nm) colloidal particles.[[m
Less information is available for smaller (<10 nm) particles in mesocrystals, where
the energy required for the reorganization of the building blocks easily leads to the
formation of defects. 48!

Despite recent advances in self-assembly of nanoparticle superlattices, the con-
stituent materials have been limited to those cases, where uniform nanoparticles
are available in sufficiently large quantities. Metal oxides like TiO9,[43:49-56] which
are made by polycondensation reactions, usually show a significant amount of in-
homogeneity and disorder. TiO, is an attractive material for environmental and
energy applications (e.g. water splitting for Hy evolution,57 dye-sensitized solar
cells, 8 and lithium-ion batteriesl®). Under illumination with ultraviolet (UV)
light electron-hole pairs are created, but only a small fraction of the photogenerated
charge carriers can be separated to form reactive oxygen species for subsequent
surface oxidation/reduction processes. 89 Therefore close packed TiOs supercrys-
tals (NCs) were suggested to enhance the photocatalytic activity and performance
of dye-sensitized solar cells through efficient electron hopping between adjacent
nanocrystals.1:621 Ordered assemblies of TiO, nanocrystals have great promise
for applications, but the composition-dependent intrinsic defect structure of the
nanocrystals as well as the defect structure of the supercrystal will be critical for
their electronic properties.[%3 In this work, we investigate the formation of TiOs
nanocrystals and the assembly of supercrystals after surface functionalization with
3,4-dihydroxy-cinnamic acid (DHCA).

TiO2 nanocrystals can be synthesized in different ways. The sol-gel approach allows
selecting between the rutile, brookite and anatase polymorphs through the solutions
pH. The morphology of the resulting nanocrystals (spheres, cubes, rods) may be

tuned by varying the precursors or the concentration of additives. Appropriate
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surface ligands may provide solubility of the particles in hydrophilic or hydrophobic
solvents. In an early contribution Burnside et al.l%¥ reported a sol-gel synthesis
of anatase nanoparticles whose morphology could be changed from rod-like (low
temperature) to tetragonal or tetrahydral/bipyramidal (high temperature) by varying
the reaction temperature. Liu et al.l%) reported the synthesis of anatase nanocubes
by an anion-assisted synthesis and demonstrated that the anions present during
the synthesis can not only tune the shape of anatase nanocrystals but also change
the phase from anatase over brookite to rutile. Roy et al.l%) demonstrated that
by varying the ratio of diethanol amine/tetrabutylammonium hydroxide (TMAOH)
the morphology of the anatase nanocrystals can be varied from ellipsoidal over rod-
or capsule-like to cube- to sheet-like. A detailed morphological characterization of
the TiOg nanocrystals as a function of the synthetic parameters combined with a
comprehensive structural analysis of the assemblies of TiO2 nanocubes shows the

structure-directing effect of the nanocrystal morphology.

Results and Discussion

Synthesis

The truncated TiOy nanocubes were synthesized by a modified hydrolytic/hydro-
thermal approach.[®4 The white TiO, precipitate resulting from controlled hydrox-
ylation of titanium isopropoxide with water was isolated and transferred into a
Teflon-lined stainless steel autoclave after being aged for at least 72 h. 3,4-dihydroxy-
cinnamic acid (DHCA) and tetramethyl ammonium hydroxide solution were added
in different concentrations (5, 10, 15, 20, 25 %) and different solvents (water and
methanol). The autoclave was heated initially to 120 °C for 4.5 h to induce peptisa-
tion and subsequently for 6 h to 195 °C to induce particle growth. The resulting
nanoparticle dispersion had a claret-red colour due to the charge transfer between the
non-innocent DHCA ligand and the TiO nanocrystallf” and contained nanoparticles
in very high concentrations.

The Raman spectrum of the as-prepared TiOy nanocrystals (figure 5.6, Supporting
Information) is similar to those in the bulk anatase, but the vibrational bands show
blueshift and line broadening because of the particle size. Anatase has has six
Raman-active modes and three infrared (IR)-active modes, and the Raman bands
at 144, 399, 518 and 637 cm™' can be assigned as the Eg, Big, A1g or Byg, and E,
modes of anatase phase.l%] The strong Eg mode at 144 cm! is characteristic of the
of the anatase structure indicates the presence of long-range order. The expected
band of the DHCA ligand binding to the surface Ti atoms!® can not be found due
to their low concentration and therefore their low intensity in comparison to the
TiOy bands.

The appearance and UV-Vis spectrum of the DHCA functionalized anatase
nanocrystals is shown in figure 5.7 (black line). The nanocube solution is transparent

between 600 and 800 nm; weak Rayleigh scattering was observed from 400 to 500 nm.
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The solution of an anatase sample prepared without DHCA functionalization (UV-Vis
spectrum in figure 5.7 red line) was turbid, indicating that DHCA functionalization
is needed for the preparation of the transparent colloidal solutions.

Figure 5.8 shows the photoluminescent emission spectrum of the anatase nanocrys-
tals measured with an UV excitation wavelength of 365 nm. The broad emission
band centred at 475 nm can be assign to band edge luminescence of the anatase
nanoparticles. Photoluminescence in nanostructured anatase originates from elec-
trons trapped at Ti*t sites within the bulk and holes trapped at lattice oxide ions
immediately below the surface.l’"®-72 However, in our case, X-band electron param-
agnetic resonance (EPR) spectroscopy studies did not reveal the existence of any
oxygen or titanium defects associated to unpaired electrons, which can potentially
induce photoluminescence effects in the anatase nanopowders.

The morphology and size of the TiO2 nanocrystals could be controlled by (i) vary-
ing the concentration of tetramethyl ammonium hydroxide (TMAOH), (ii) through
the choice of the solvent and (iii) the reaction temperature. Although mostly spheri-
cal TiO9 nanocrystals were obtained for low TMAOH concentrations, exclusively
cube-like TiOy (anatase) nanocrystals were obtained when the TMAOH concentra-
tion was 15 wt% and the reaction temperature was 195 °C. The small but critical
change of the additive concentration appears to promote the formation of anatase
nanocrystals with a non-spherical, faceted shape. For TMAOH concentrations of
15 wt% cubic nanoparticles (size 15 +1 nm) were obtained (figure 5.1).

Figure 5.1a shows a schematic representation of an 100 faceted, truncated anatase
nanocube. The average edge length of the nanocube is 15 nm (corresponding to a
face diagonal length of 12.7 nm (assuming no truncation of the nanocube). Figure
5.1b and ¢ show the anatase nanocubes at two different magnifications with the
associated particle size distribution, a HRTEM image (with the corresponding
Fourier transform as inset) is provided in figure 5.1d and e. The electron diffraction
analysis revealed the TiO2 to be pure anatase. Electron diffraction data (figure
5.1f) were compatible with the reported data for anatase (I 41/a md (No. 141),
a=3.7845 A, ¢=9.5143 A, Z=4, JCPDS 21-1272), as confirmed by x-ray diffraction
for a bulk sample. The x-ray diffractogram in figure 5.9 (Supporting Information
(SI)) displays broad Bragg maxima indicative of small crystallite sizes. Due to
the reflection broadening and the polymorphic behaviour of TiO9 a quantitative
phase analysis was performed by full pattern profile analysis™>7! to differentiate
between all possible phases (rutile (JCPDS 21-1276), brookite (JCPDS No. 29-1360),
pseudobrookite (JCPDS 00-041-1432), Magneli-type phases).[75]

In aqueous solution the morphology and size of the anatase nanocrystals could be
controlled by varying the TMAOH concentration. Figure 5.2 shows the TEM images
of the resulting nanoparticles obtained by varying the TMAOH concentration from
5 to 25 wt%. While spherical particles with a size of about 9 =2 nm were obtained
for low concentrations (5 wt%) (figure 5.2a), the particle morphology changed from
fully spherical (100%) to a mixture of spherical, rod-like and cubic particles for
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Characterization of the anatase nanocubes. (a) Schematic representation of an
100 faceted, truncated anatase nanocube. (b, ¢) TEM overview images of a dense nanocube
monolayer formed by drying at room temperature. (d) High resolution TEM image with
Fourier transform (FFT) (e) d values and angles and (f) corresponding electron diffraction
pattern ED pattern. The x-ray diffraction pattern of a bulk sample of the nanocubes can be
found in the SI.
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TMAOH concentrations of 10 wt% (Figure 2b). The size distribution was broader
now, the nanoparticle size ranged from 6 to 29 nm (average 15 £5 nm). For TMAOH
concentrations of 15 wt% cubic nanoparticles (size 15 +1 nm) were obtained (figure
5.1, vide supra). Further increasing of the TMAOH concentration to 20 wt% (figure
5.2¢) delivered particles with well-defined morphology, and the percentage of cubic
particles decreased again. TMAOH concentrations of 25 wt% and higher had no
significant impact on the particle morphology and lead only to a slightly broader
size distribution (figure 5.2¢,d, 14 +2 nm and 15 +3 nm for concentrations 20 wt%
and 25 wt%, respectively).

15 20 25 15 20
Length [nm] : Length [nm]
o

i 3 ; & = _‘r‘-{.

10 15 20 [ " y- v, 15 20
Length [nm] o 2 U Length [nm]
# — B 2

Fig. 5.2: TiOy particles synthesized at a TMAOH concentration of a) 5 %; b) 10 %; ¢) 20 %;
d) 25 % (inserts: size distribution).

Variation of the autoclave temperature (at a constant TMAOH concentration
of 15 wt%) from 170 °C over 195 °C to 220 °C induced pronounced changes of the
particle morphology. In the lower temperature range at 170 °C a mixture of spherical,
cube- and rod-like particles with a broad size distribution ranging from 6 nm up to

40 nm was formed (Figure 5.3a), whereas uniform nanocubes were formed at 195 °C
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(figure 5.3b). At an autoclave temperature of 220 °C nanocubes were formed as well,

but the size distribution was significantly broader (15 +4 nm, Figure 5.3c).

':

200 nm
T B

TEM micrographs of anatase nanocrystals autoclaved at (a) 170, (b) 195, and (c)
225 °C in aqueous solution containing 15 wt% of TMAOH. Size distributions are shown in
the insets.

In methanol the morphology of the nanocrystals remained always spherical, but
their size increased from 9 +2 nm to 17 £3 nm when increasing the TMAOH
concentration from 5 to 25 wt% (figure 5.4).

Most reported syntheses of TiOs particles use loosely bound surface ligands that
do not exert a strong effect on particle solubility and properties. Typically, the
particle solubility is low and particle dispersions are difficult to process. TiOy (and
many metal oxide) nanocrystals can easily be functionalized with catechol-type
ligands.[0976.77 In particular, the high solubility of TiOs nanocrystals functionalized
with 3,4-dihydroxy-cinnamic acid (DHCA) permits the preparation of very stable
and highly concentrated nanocrystal dispersions (up to 200 g/L in alkaline ammonia

78,79]

solution)! proved useful for manufacturing well-ordered TiO9 supercrystals.

The nanocubes could be assembled into mosaic-like particle arrays by placing
a suitable substrate (e.g. a glass slide) in a concentrated aqueous dispersion of
the nanocrystals and allowing the continuous liquid phase to evaporate. A scheme
of the experimental setup is shown in figure 5.5a. Figure 5.5b shows a dense
monoparticulate array with a thickness of approx. 1 um from a dispersion with an
initial particle concentration of 10 g/L particles in ammonium hydroxide solution
(14 %) by allowing the particle layers to rearrange for a period of up to 2 weeks. The
advantage of the assembly technique is its simplicity; the method is robust again
temperature changes and smaller disturbances. The thickness of the film could be
controlled by varying the concentration of the nanocrystal dispersion. Depending on
the size of the glass substrate sample areas of up to several cm could be coated. The

[80.81) of o growing crystal:

surface in figure 5.5¢ shows many features of Kossel’s model
(A) a flat surface, (B) steps, (C) kinks, (D) surface-adsorbed growth units, (E) edge
vacancies, and (F) surface vacancies (see figure 5.12, SI). The slow evaporation of

water appears to provide a sufficient fluidity of the nanocrystal building blocks to
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Fig. 5.4: TEM images of the TiO2 nanoparticles synthesized in methanolic TMAOH, insert
size distribution. a) 5wt% TMAOH, b) 15 wt% TMAOH and ¢) 25 wt% TMAOH.
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promote particle rearrangement into a densely packed configuration with long-range

order.

60 h, 25°C

Self-assembled oriented superlattice from anatase nanocubes. (a) Schematic
presentation of the experimental setup. (b, ¢) SEM image of self-assembled of anatase
nanocubes ordered in an oriented superlattice.

It was possible to fabricate nanocube superlattices with dimensions up several pm
containing approx. 10% nanocubes by careful control of the particle concentration,
temperature and evaporation time. Figure 5.5 shows a section of such a large super-
lattice that was obtained from a concentrated dispersion of DHCA-functionalized
anatase nanocrystals. With suitable additives (e.g. polyvinylpyrrolidone) it is
possible to suppress the formation of cracks. Naturally, the thermal equilibrium
requires these very large superlattices to display defects and dislocations, but it may
be possible to minimize these types of defects by tailoring the growth conditions.

The self-assembly process is based on the space filling of the building blocks
and further controlled by the relative strength of van der Waals interaction, steric
repulsion, directional dipolar and ionic interactions, superimposed by possible
substrate effects and of drying-mediated self-assembly process in a thin solvent
film.32:33] Tonic interactions between the ammonium cations and the negatively
charged DHCA-functionalized anatase nanocrystals are certainly the dominant
forces in the hierarchy of interactions with a sufficient magnitude to create a long-
range translational or orientational order, whereas the intrinsic interactions (i.e.,
the sum of van der Waals attraction and steric repulsion) between the anatase
nanocrystals in our system are certainly weaker.The mosaic-like arrays formed by
drying a solution droplet on a TEM grid (Figure 5.1b) suggests that the nanocubes

initially form small ordered clusters that - with time - condense into a large ordered
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array during a drying-mediated process. Ordering is a balance between lattice energy
and thermal energy, and ordering therefore occurs in a certain temperature range.
For an individual particle size of approx. 15 nm the thermal energy is sufficient for
the particles to reorient. This "blocking temperature' also has a time component,
which is generally defined as the point at which a particle can reorient under the
influence of a specified field (gravitation, magnetic, electric) in approx. 100 s (a
typical timescale for a measurement). Therefore it seems feasible that reorientation
of individual particles may be related to the nucleation and growth of clusters beyond
a critical size.

The additional electrostatic attraction of the nanocube anions and ammonium
cations can promote the formation of a nucleus that is sufficiently large to dominate
the subsequent growth of an ordered colloidal crystal with common orientation. The
similarity of the surface structure of the superlattice in fig. 5.5 to Kossel’s model[8%:81]
of a single crystal grown from solution lends support to the hypothesis that the
superlattice grows by a slow crystallization process. Although the electrostatic
interactions between the individual anatase nanocrystals may be responsible for the
alignment of the nanocubes, it seems reasonable that other attractive forces such
as van der Waals interactions play an important role for the slow growth of large,
highly ordered three-dimensional superlattices.

In summary, we have demonstrated that large anatase nanocube superlattices with
a high degree of crystallographic orientational order can be fabricated after suitable
surface functionalization of the building blocks by slow solvent evaporation in a
nucleation and growth self-assembly process. The strategy to induce a translational
and orientational order of a superlattice of anatase nanocrystals by a electrostatic
forces through the surface ligand may be extended to other systems, in particular

[45,82] o1 ferroelectric/®? nanocrystals, but also could be used to

84,85]

superparamagnetic

tailor more complex structures from other systems, e.g. anisotropic or Janus

85] that display directional, anisotropic interactions. Further the application

particles
of the cubic nanoparticles as building blocks in hybrid SLs would help to decrease
the voids in the inorganic particle layers and might yield in closely packed high
refractive index - high density layers allowing to improve the photonic and phononic

properties of the SLs.
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5.4.1

5.4.2

5.4.3

Experimental Section

Titanium(IV) isopropoxide 98 % (TIP) was purchased from Acros Organics,
Tetramethyl ammonium hydroxide solution 25 wt%, and 3,4-Dihydroxy hydrocin-
namic acid 98 % (DHCA) were purchased from Sigma Aldrich. All chemicals were

used without further purification.

Nanoparticle Synthesis:

In a typical synthesis 5.15 mLL TIP was hydrolyzed by slowly dropping the TTP
into 9.25 mL milliQ Water. After stirring the solution for 30 min the resulting white
precipitate was collected in a Biichner funnel and dried at air for 30 min. After an
ageing step of at least 72 hours, the resulting white powder was transferred into a
Teflon-lined titanium autoclave, 0.24 g of DHCA and 3.52 ml of TMAOH solution
(in different solvents and different concentrations) was added. The autoclave was
sealed and heated to 120 °C for 4.5 h and 195 °C for 6 h respectively. The resulting
claret solution was centrifuged for 10 min at 9000 rpm and the supernatant was

used for further experiments.

Nanocubes assembly:

For assembling the cubic nanoparticles onto the substrate, first the substrates
were cleaned by treatment with piranha solution washed with water and heated to
450 °C for about 1 h.

In a typical assembly process 5 mL of 10 g/L nanocube in 14 % ammonia solution
was put into a glass jar, the substrate was carefully put into the jar and stored at

RT for about one week.

Analysis:

TEM: For TEM analysis the nanoparticle solution was strongly diluted with
ethanol and 3 drops of the solution was placed onto a carbon coated copper grid
and dried at air. The images were taken with the transmission electron microscope
JEOL 1400 at acceleration voltage of 120 kV.

HRTEM: For HRTEM measurements the same sample as for TEM imaging was
used. For the imaging a Tecnai F20 device from FEI was used at an acceleration
voltage of 200 kV.

SEM: The assembly was characterized by cross-sectional scanning electron mi-
croscope (SEM). Therefore the samples were broken and the edge was viewed with
the LEO Gemini 153 at 0.7 kV.

XRD: Siemens D5000, transmission geometry, Ge(220) monochromator, Braun

M50 position sensitive detector, step size 0.0155° at 2.5 sec step time.
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Raman spectrum of the self-assembled anatase nanocube superlattice.
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UV-Vis spectra of the DHCA functionalized nanocubes (black line) and non-
functionalized particles (red line), and photographs of the DHCA functionalized nanocubes

(left) and non-functionalized particles (right).
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X-ray diffractogram of the TiO5 nanocubes.
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SEM image of the assembled nanocube film.
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Fig. 5.12: Defects of growing nanocube mesocrystal after Kossel’s model.
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6.1

Synthesis and Application of
BaTiO3 Nanoparticles

Introduction

Barium titanate is a wildly used material. Besides being well established in the
field of ceramics, it is interesting for application ranging from high x capacitors and

OFET gate dielectrics!®0 over electrical energy storage devices!®”

to liquid crystal
displays/®¥ due to its ferroelectric properties.

For our work BaTiO3 is attractive because of its high density of about 6.08 g/cm3
and its relatively high refractive index of about 2.189 This makes BaTiO3 an excellent
candidate for high density material in phononic crystals, while also providing strong
optical contrast. Therefore BaTiOg is ideal for the fabrication of dual phononic and
photonic band gap materials (see chapter 3 and 10).

In recent years there have been many approaches to control the growth of nano
sized barium titanate particles and successful syntheses of spherical,
likel6190land cubicl’019] harium titanate particles have been published.'07 Most
of the synthetic strategies are based on solvothermal synthesis, but especially for
hydrophobic particles, syntheses in round bottle flasks with high boiling solvents
seems to be most promising.[gl] Other approaches include mechanochemical syntheses,
in which the powders of barium carbonate and titanium oxide are reacted in a ball
mill.1%) This syntheses yield the desired barium titanate powders but the particles
show quite a broad size distribution. In 2008 a microwave assisted synthesis was
published by Nyutu et al.®®! Here the advantage compared to other heating methods
is a significant reduction of the reaction time.

In 2010 Huang and coworkers published a simplified synthesis of BaTiO3 nano

crystals with a size of about 10 nm, 8%

which was based on a synthesis developed
by Niederberger et al. in 2004.92 Niederbergers method is a halide-free route to
synthesise crystalline barium or strontium titanate starting from the metal barium.
b Barium alkoxide is formed by the dissolution of barium in an alcoholic solvent
and the addition of titanium isopropoxide yield the mixed-valent metal alkoxide.
Through a heating step in an autoclave to 200 °C for 48 h the alkoxide mixture is
transformed into the oxide material. Both authors report the a crystallite size of
10 nm and a pure perovskite phase.

Other authors published a BaTiOg synthesis starting from barium chloride and

[96]

titanium chloride precursors in alkaline medium.!”®! Furthermore they report that by

adding ethylene glycol to the reaction mixture the morphology of the particles can

[86,90-95] 1.0 d-
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be changed from spherical to tetragonal rod-like shaped. They explain the formation
of the tetragonal BaTiO3 rods by reduced solubility of the Ba-Ti-OH intermediate
through ethylene glycol.

A synthesis of cubic BaTiO3 nanorods was published by Urban et al. already in
2002.1109) Starting from a BaTi-alkoxide precursor in heptadecane in the presence of
oleic acid they synthesised nanorods with a perovskite phase. Here the oleic acid
is the form-giving factor by forming micelles in heptadecane and thereby forcing
the rod-like growth. A synthesis of cubic perovskite nanorods without additives
can be achieved by using tetrabutyl titanate and barium acetate as precursors.®9
Another strategy to get well defined nanorods was developed by Limmer et al.,
who used a polycarbonate membrane as a template to grow BaTiO3 nanorods by

electrophoresis. [97]

The variety of syntheses strategies to achieve different shapes of BaTiO3 nano-
particles192:104-106] ynti] today191197) underlines the importance of this materials
for new technological devices. In this work the strategy of Niederberger and Huang
was followed to achieve BaTiO3 materials, which are easy to spin coat. In a further
step the synthesis conditions were optimised to tune the shape of the nanoparticles

from spherical to rod-like.

Typical Synthesis of Barium Titanate Nanospheres

The here followed synthesis of barium titanate nanospheres!®! was scaled up to
get a sufficient amount of nanoparticles for spin coating superlattices in an one batch
synthesis.

In a typical synthesis ethanol was dried over sodium and redistilled under inert
gas. Then 2.94 g of barium was transferred onto 180 mL of abs. ethanol under
Schlenk-condition and stirred until all barium was dissolved. Over a septum 6.3 mL
of titanium isopropoxide was added using a syringe. The mixture was homogenised
for about 5 min before 180 mL of an ethanol water mixture (95:5) was slowly added
over a dropping funnel. During the addition of the ethanol water mixture the
reaction mixture turned into a transparent gel, which was transferred into three
250 mL teflon tubes. Hereby the gel was equally divided into the three vessels.
The vessels were put into stain-less autoclaves, sealed and heated to 200 °C for
48 h. When the autoclaves were cooled down to room temperature, the resulting
white slurry was transferred into centrifuging tube. After homogenisation of the
mixture in a sonication bath for 5 min the reaction mixture was centrifuged (10 min;
9000 rpm). The washing step was repeated 3 times and the resulting white nano
particle solution was put into glass vessel for storage. A further preparation of the
spin coating solution is described in the chapter fabrication 7.

For TEM imaging the nanoparticles were dispersed in ethanol solution and dropped
onto a carbon coated TEM grid using a pipette. The resulting particles are shown

in figure 6.1. They show a average size of 741 nm with a narrow size distribution.
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Fig. 6.1: TEM image of spherical BaTiO3 particles in different magnification. Insert: Size
distribution of the nanoparticles.

To confirm the formation of BaTiO3 a x-ray diffraction pattern was collected. For
the analysis the nanoparticles were dried at 100 °C, pestled and measured on scotch

tape. The x-ray diffraction pattern confirmed the perovskite phase of BaTiOg3 (see
figure 6.2).
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Fig. 6.2: X-ray diffraction pattern of BaTiO3z nanospheres proofing the perovskite phase.

6.2 Typical Synthesis of Barium Titanate Nanospheres
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Barium Titanate Nanorods: Synthesis and
Orientation in an Electric Field

Some experiments of this chapter were carried out by Tim Fischer during his

Bachelor thesis co supervised by myself.

Motivation

BaTiOg3 is one of the most well studied ferroelectric materials in research. It
was shown, that a seed mediated growth on BaTiOs nanoparticles in an electric
field yields in cross-like/dumbbell shaped superstructures, orientated in well defined
angles.1%8] Meaning that the BaTiO3 nanoparticles are sensitive to an external
electric field and form a well defined superstructure when a electric field is applied.
Further the orientation of iron oxide nanoparticles in external magnetic fields is well
understood.Kral2014, Ho2015] Ljowing this two result we attempted to synthesise
BaTiO3 nanorods and orient them into superstructures by applying an external
electric field.

Template-Mediated Synthesis

In a template mediated synthesis a precursor material is filled into a template.
After the formation of the nanorods in the void space of the template, the template
is removed and the nanorods can be isolated. Limmer et al. published such
a template-mediated synthesis for BaTiOs nanorods, using barium acetate and
titanium isopropoxide as precursors and a polycarbonate membrane as a template.%7]
Following his lead we used the gel formed in our standard nanoparticle synthesis (see
section 6.2) as precursor material and an AAO (anodic aluminium oxide) membrane
as template. The gel was applied on the AAO disc and after a washing step the
gel-filled AAO was heated to 450 °C to transform the gel into crystalline BaTiOs.
Finally the AAO was dissolved in sodium hydroxide solution and the BaTiO3 rods
were isolated.

This synthesis yield relatively large nanorods with spherical nanoparticles as side
product. In figure 6.3 a laser and a transmission electron microscope image of the
resulting particles are shown. On laser microscope image rods with an average length
of 2 pm and a average thickness of 400 nm can be seen. Besides the nanorods all
kind of other shaped particles are present. The TEM image gives a more detailed
impression of the side products. It shows the presence of small nanoparticles beside
the nanorods, these particles are similar to the particles formed in our standard
synthesis. Further the nanorods look uniform in thickness, while the length of the
particles varies a litlle. That allows us to assume, that the membrane was not
completely filled with gel, so the incubation time of the gel into the membrane has
to be optimized. Further experiments to reach a better filling of the membrane
did not lead to homogenous particles. Only a electro-chemical approach seems to

lead to a complete filling of the membrane and therefore to monodisperse nanorods.
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Although the rods were not monodisperse we could use them for first orientation

experiment in a electric field (see below).

Fig. 6.3: A laser microscope image (A) and a TEM image of the BaTiO3 nanorods.

Surfactant-Mediated Synthesis

In nanoparticle research the impact of coordinating molecules on the morphology
of nanoparticles has been studied for different nanomaterials. For barium titanate
acid functionlas well as amino functions®” have been reported to coordinate
on the surface of barium titanate and therefore influence the morphology of the
resulting nanoparticles.

We followed the procedure of Huang®! and studied the influence of oleic acid in
the reaction mixture on the morphology of the particles.

First we added different amounts of oleic acid to the BaTiO3 gel just before it was
transferred to the autoclave for heating. We added different equivalents of oleic acid
in comparison with the equivalents of Ba used for the preparation of the gel. The
resulting particles for the addition of 0.2, 0.66 and 1.33 molar equivalent of oleic

acid are shown in figure 6.4.

Fig. 6.4: TEM images of the BaTiO3 nanoparticles synthesized with different amounts of
oleich acids. A) 0.2 eq resulting spherical particles and B) 0.66 eq. C) 1.33 eq. resulting in
nanorods.

The addition of 0.2 eq of oleic acid yields spherical particles with a average size
of 7 nm (see figure 6.4A). These particles differ from the ones from the standard

synthesis only in their solubility. While the standard synthesis yields particles which

6.3 Barium Titanate Nanorods: Synthesis and Orientation in an Electric Field

37



6.3.4

38

are soluble in ethanol, the particles synthesised in the presents of oleic acid are
soluble in hexane. The different solubility is caused by a coordination of the oleic
acids on the surface of the barium titanate particles. The hydrophobic hydrocarbon
chain of the oleic acid provides a good solubility of the particles in hydrophobic
solvents. In the standard synthesis no surfactants are added during the synthesis
leading to particles with good solubility in ethanol and more polar solvents.

By increasing the amount of added oleic acid to 0.66 eq the morphology of the
resulting particles changes to rods (see figure 6.4B). The rods have a length of 250
to 1050 nm and a width of 10 to 30 nm. Some of the rods are branched and do not
show a high monodispersity.

A further increase of the oleic acid amount yields in less polydisperse, and less
branched nanorods (see figure 6.4C). They are around 1 pm long and 20 nm thick.
These rods are soluble in hexane due to their oleic acid functionalization.

An even further increase of oleic acid to the reaction mixture was conducted by
Tim Fischer. He showed that the formation of the rods could not be enhanced by a
further increment of oleic acid, but instead a network like structure from barium
titanate results.

The synthesis with the addition of 1.33 eq oleic acid provides the best results. The
particles show the best morphology and a narrow size distribution. The formation
of BaTiO3 was confirmed by an EDX measurement with a resulting atomic ratio of
1:0.94 (Ba:Ti) (see experimental details figure6.8).

The addition of laurylamine did not effect the shape of the particles in this
synthesis route. In his bachelor thesis Tim Fischer showed that the addition of

laurylamine yield spherical particles which agglomerate easily.

Preliminary Experiments on Orientation of Nanorods in an
Electric Field

The orientation of the nanorods in the electrical field was carried out in cooperation
with Martin Brehmer from the Zentel group.

For the experiments an electric cell was used, as systematically illustrated in figure
6.5. The electrical cell was built from a microscope slide on which two copper tapes
were fixed as electrodes. The gap between the two copper tapes forms the cell where
the sample was filled in. To seal the cell a cover glass was put on top of the two
copper tapes. The copper tape was connected to the electrical source by soldering
two wires onto the tapes.

In a first experiment, the nanorods shown in figure 6.3 were filled in the electrical
cell. Before applying an electrical field the nanorods were oriented randomly and no
preferred orientation of the rods could be observed. Figure 6.6 shows the nanorods
while applying a electrical field. They show a preferred orientation in the direction
of the electric field with a clockwise rotation of around 20°. While applying a
direct current (DC) a movement of the particles perpendicular to the electric field

towards the anode was observed. This movement could be suppressed by applying
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Fig. 6.5: Systematic scheme of the electrical cell.

an alternating current (AC). In this case the particles turned around in the speed of

the change of the voltage.

Fig. 6.6: Light microscope image of the BaTiOg nanorods in the electric cell while an
electric field is applied.

To have a closer look at the orientation of the rods, another sample of the
nanorods for the SEM was prepared. For the SEM imaging the absence of solvents
is mandatory. The nanoparticles were dissolved in cyclohexane, transferred to the
electrical cell and while applying the electric field all solvents was evaporated. The
dried sample was measured with the LV SEM, the resulting images are shown in
figure 6.7.

The nanorods are clearly orientated and all rods are aligned parallel to each other.
They are not exactly oriented parallel to the field (the field was applied from left to
the right side of the image), but shown a clockwise rotation of 30°. One possibility
for the rotation could be caused by a change of the orientation through the outgoing

solvent vapour during the drying process. The solvent vapour has to leave the cell

6.3 Barium Titanate Nanorods: Synthesis and Orientation in an Electric Field
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SEM image of the oriented nanorods (top view).

on the top or the bottom side of the cell turning the rods a little while passing them.

Another reason could be a tilted dipole in the nanorods.

Summary and Outlook

In this chapter the successful synthesis of BaTiO3 nanorods could be shown. It
was possible to reproduce the synthesis published by Huang et. all® and to scale
the synthesis up to yield enough BaTiO3 nanoparticle for spin coating. The influence
of different additives on the synthesis of BaTiO3 was invested. Oleic acid was found
to bind on the surface of BaTiOg nanoparticles and therefore made them soluble
in hydrophobic solvents. By further increase of the oleic acid concentration the
morphology was successful changed from spheres to rods.

First experiments on the orientation of the BaTiO3 nanorods show a orientation
of the nanorods in the direction of the electric field with a small rotation of 30°.
This orientation needs to be further investigated. The nanorods could be oriented
because of their anisotropy or by their ferroelectricity. To confirm the orientation of
the nanorods due to their ferroelectricity it is needed to heat the nanorods above
their Curie temperature while applying the electric field. Only if they loose their
orientation above the Curie temperature it is proofed that the orientation is caused by
the ferroelectricity. Further the concentration of the nanorods in the assembly could
be optimized. Higher concentrated nanorod mixtures could show liquid crystalline
behaviour, which makes BaTiO3 an attractive candidate for electro-optic switching
devices.

And finally the synthesis of the nanorods need a further optimisation. First a
sufficient amount for a XRD diffraction pattern has to be synthesized to confirm the
perovskite structure of the nanorods and the concentrations of oleic acid needs to
be fine tuned and the the influence of the concentrations, times and temperatures

on the synthesis needs to be further investigated.
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Experimental Details
Template Mediated Synthesis:

0.163 g of barium was dissolved in 10 mL absolute ethanol under inert gas con-
ditions. After 0.35 mL titania isopropoxide was added, the formation of a gel was
induced by adding 10 mL 95 vol% ethanol solution over a period of about 20 min.
1 mL of the gel was put onto a AAO membrane and the membrane was kept on
an electrical shaker for 20 min. The membrane was carefully washed with water
to remove the left over gel and heated to 200 °C for 2 h and to 450 °C for 2 h
respectively. To remove the AAO membrane the filled membrane was kept in 1 M
sodium hydroxide solution for 30 min. The nanorods were collected by centrifugation
of the reaction mixture at 9000 rpm for 5 min. The particles were washed with 1 M

sodium hydroxide solution and dispersed in ethanol or other solvents.

Surfactant Mediated Synthesis:

The gel was prepared like the gel in the typical synthesis of barium titanate
nanospheres as described above. Before the gel was transferred to an autoclave the
oleic acid was added. The added equivalents of oleic acid are always compared with
1 equivalent of Ba added to the gel. For A) 0.2 eq oleic acid 0.3 mL of oleic acid was
added to 20 ml of the barium titanate gel. For B) 0.66 eq 1 mL and for C) 1.33 eq
2 mL respectively. After sealing the autoclaves the reaction mixtures were heated
to 200 °C for 48 h. The resulting particles precipitated and were readily dissolved
in hexane. Before further characterisation the particles were washed three times
by dissolving them in hexane followed by a precipitation with ethanol followed by
centrifuging the particles at 9000 rpm for 5 min.

Orientation in the Electric Field:

For the experiments we used the electrical cell shown in figure 6.5. Typically
we used concentration of 1 g/L nanorods in ethylene glycol diether (for the in situ
observation) or in cyclohexane (for the dried sample for SEM imaging). For the
nanorods in cyclohexane we used a voltage of 50 to -50 Volt (AC) and for the samples
in heptadecane a higher voltage of 100 to -100 Volt (AC) was needed. (For further
details see:109)

6.5
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Fig. 6.8: EDX of the BaTiO3 nanorods.

Chapter 6 Synthesis and Application of BaTiO; Nanoparticles



Superlattices

In this part the fabrication and characterisation of hybrid superlattices will be
presented. Six different superlattices, with different compositions and different

periodicity will be described and characterised.






7.1

Fabrication Method of the
Superlattices

This chapter gives an introduction to the fabrication technique of the superlattices
(SL), it is divided in two sections. The first section gives an introduction of the
technique of spin coating, its advantages and disadvantages and the parameters used
for the fabrication of all superlattices presented in this work are given. The second
section gives a short overview of the used polymer and and nanoparticle solutions,

explaining, which conditions are used and why.

Spin Coating Technique

The spin coating technique is a widely used technique to coat different kinds
of substrates with thin films in the nanometer scale. Due to its simplicity it is
already applied in microelectronic industries as well as in the manufacturing of
digital versatile discs (DVDs) and compact discs (CDs).[110)

The principle of spin coating is very easy. Basically, a homogeneous solution of
the to spin coated substance, a clean substrate and a spin coater is needed. First,
the substrate gets fully covered by the solution using a pipette or an other dosing
device and then the spin coater is started. During the acceleration of the spin
coater, the spinning forces spread the solution over the substrate and further over
the etch of the substrate, while the substrate is fixed to the chuck of the spin coater
by a vacuum force. So the spare solution is disposed and the substrate is covered
by the substance. The spinning takes place for a defined time until the solvent is

evaporated. A schematic illustration of the spin coating table is given in figure 7.1.

=

Schematic image of the rotating unit of a spin coater.

As easy as that technique sounds, there are many parameters influencing the
quality of the coating. One important factor is of course the nature of the solution

used (this parameter is in discussed section spin coating solutions below). Further,
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the surface of the substrate and the resulting interaction between the surface and
the coating materials play an important role. For an optimal coating, a clean
smooth substrate surface is needed. Glass or silicon substrate can be cleaned with
piranha treatment. Piranha treatment means to etch the glass substate with a 3 to
2 mixture of sulfuric acid and HoOs for about 30 min. After the piranha treatment
the substrates can be heated to 450 °C to get a fully oxidised surface.

Other important factors are the spin coating parameters, i.e. the acceleration
speed, the spinning speed and the duration of the spinning process.

The acceleration speed influences the speed in which the solvent is spread and
removed from the substrate. If the acceleration is slow, the solvent is removed slowly
and polymers and nanoparticles have time to agglomerate. To prevent agglomeration
of nanoparticles during the spin coating, a high acceleration speed is needed, so that
the solvent is removed very quickly.*!!]

The spinning speed influences the shear forces acting on the solvents. If the shear
forces are higher than the surface tension of the solvent, a uniform coating of the
substrate can be achieved. Further, the spinning speed influences the thickness of
the resulting coating layer. A high speed gives a thin film and a lower speed gives a
thicker film, because more substance remains on the substrate.

The spinning time should be sufficient enough to let all solvent evaporate. If the
time is too short, the solvent does not evaporate completely and a non-homogenous
coating results. If too much solvent remains int the layer, the second layer might
partly dissolve the first layer because the first layer is not stable.

Further the amount of substance used influences the thickness of the resulting
layer.

The optimization off all these parameters can be found in the PhD thesis of D.
Maschke*2l. The best resulting multilayers have been coated with an acceleration
speed of 5000 rpm/sec and a spinning speed of 5000 rpm, a spinning time of 20 sec
was long enough for a satisfactory evaporation of the solvents used.

For the formation of separated layers, a post-treatment after each layer coating is
mandatory. During the spin coating process the solvent evaporates. Nevertheless,
residual amounts of the solvent remain in the layer after spin coating. The polymer
as well as the nanoparticles strongly interact with solvent molecules capture them
within the layers. To achieve a coating of fully separated layers, it is mandatory to
remove the residual solvents from the layers. Only by utilising a heat treatment a
partially dissolution of the layers while spin coating the second layer can be prevented.
Usually, it was sufficient to heat the samples to 100°C for 15 min. In some cases, 120
°C and 20 min were needed. The limiting factor for the temperature was given by
the glass transition temperature of the polymer. If the polymer is heated above its
glass transition temperature for too long, the structure of the layer will get destroyed
or the polymer will penetrate into the nanoparticle film and disappear. The usage of
a vacuum oven was considered as well. In this case, it would be possible to remove

the solvents at low temperatures. But the first experiments in the vacuum oven
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resulted in non-homogenous layers. Probably, the solvent was removed too fast and

the layers were bursted.

In conclusion the spin coating technique is a very good technique to build up
layered hybrid structures from polymers and nanoparticles in nanometer scale. A
clean substrate as well as suitable solvents (see below) are mandatory. Furthermore
a post heat treatment after each spin coating step is needed to obtain well-structured

layered materials with a clear interface between the single layers.

Spin Coating Solutions

To obtain uniform layers by spin coating the solvents used need to have a suitably
viscosity, small surface tension, a good volatility and, most importantly, the substance,
which will be spin coated, should be well dissolved in the solvent of choice.['*3! Organic
molecules or polymers are widely used for coatings. Especially for the manufacturing
of organic solar cells in research labs, many papers have been published on the theory
as well as on the experimental optimisation of the spin coating process.13-118] For
the inorganic layer, there are basically two approaches to form homogenous layers
using the spin coating technique. One is the spin coating of a precursor solution and
the other is spin coating of a nanoparticle solution (see section below). Spin coating of
precursor solutions has the advantage that it is possible to spin coat small molecules,
which are usually well dissolvable in solvents and form highly stable solutions. The
disadvantage of that method is that the desired component often needs a heat
treatment at high temperatures. This makes this technique incompatible for hybrid
structures. The polymeric components are often not stable at temperatures much
higher than 100 °C and therefore melt or at higher temperatures even decompose to

carbon monoxide and other gases.

For hybrid Bragg stacks, the different nature of the materials is a huge challenge.

While nanoparticle layers are partly porous, the polymers tend to infiltrate into
them. Due to the infiltration, the physical properties of the inorganic layer change.
The degree of infiltration is difficult to predict and there fore should be measured.

1191 The change

There is a limit of equipment for measuring the degree of infiltration.!
of the physical properties significantly takes place in the density, sound velocity
and refractive index. And this three factors strongly influence the properties of
the phononic and photonic band structures. We studied one approach to stop the
infiltration of the polymer into the porous inorganic layer by applying a blocking

layer in-between (see below).

Nanoparticle Solution

For spin coating nanoparticle solutions the same factors as for spin coating any
other solution are important. To form homogenous films, a solvent with a suitable
viscosity and volatility has to be chosen further a good solubility of the nanoparticles

in the solvent is needed to prepare a high concentrated stable nanoparticle solution.

7.2
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Especially, oxide nanoparticles tend to agglomerate even at low concentrations and
precipitate. There are different strategies to avoid the agglomeration.

For example TiOy nanoparticles can be stabilised by bringing a ligand onto the
surface of the particles. A suitable ligand should contain two functional groups: One
group to bind onto the nanoparticles and the other group to gain good solubility in

the solvent and prevent agglomeration of the particles.

@)

HO OH

HO

Molecular structure of 3,4-dihydroxy hydrocinnamic acid.

A suitable ligand to enhance the solubility of TiOy in water is 3,4-dihydroxy
hydrocinnamic acid (DHCA) (See figure 7.2). The catechol function has a good
affinity to the metal oxide surface of the nanoparticles. So it is a good ligand and
coordinates the metal ions on the surface of the nanoparticles well. Further, the
acid function readily deprotonates in slightly alkaline solutions. This leads to a
good solubility of the nanoparticles in diluted ammonia solution. The deprotonated
carboxylic groups repel each other (figure 7.3) and hence prevent agglomeration
of the nanoparticles. Highly DHCA-functionalized TiO9 particle solutions can be
prepared with a nanoparticle concentration as high as 200 g/L, which allows to spin
coat relatively thick layers.

But before spin coating TiOs nanoparticles, the solution has to be diluted to the
desired concentration (depending on the targeted layer thickness) and to 10 mL of
the solution 100 pL of 10 wt. % sodium dodecyl sulfate (SDS) solution in water needs
to be added. SDS acts as a detergent and reduces the surface tension of the ammonia
solution. This leads to a better wettability of the substrate (or the underlaying layer)
and yields a more homogenous coating. Further, the resulting solution needs to be
sonicated for 5 to 10 min and finally filtrated through a syringe filter with a pore
size of 0.45 pm (PTFE membrane) to remove the last agglomerates. The filtered
solution was used immediately for the spin coating. If the spin coating procedure
could not be finished within one day, the solution needs to be sonicated for another
10 min again just before the spin coating, to make sure that the nanoparticles are
well-dispersed.

Barium titanate nanoparticles used in the presented work needed a similar treat-
ment as titania. Barium titanate nanoparticles were synthesised in ethanol solution.
After the synthesis they were strongly agglomerated. Even long treatment in a
sonication bath did not disperse the particles strongly enough to use the dispersion
for spin coating. Experiments of spin coating the as-prepared BaTiOgs solutions
after treatment in the sonication bath for about one hour did not yield the results

needed. The layers always contained a lot of satellites, which are big agglomerates
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Fig. 7.3: Scheme of 3,4-dihydroxy hydrocinnamic acid at the surface of nanoparticles.

of nanoparticles forming huge defects in the layers. In figure 7.4, a SEM image
of a spin coated 10BL. PMMA-BaTiOj3 layer from a BaTiO3 solution without any
treatment after the synthesis is shown.

Fig. 7.4: Cross-sectional SEM image of a 10 BL PMMA-BaTiO3 SL containing satellites.

These satellites could not be removed using the same methods as for the TiO2
solutions. Here we needed to first remove bigger agglomerates through centrifugation,
before we were able to filter the solutions through syringe filters. The first step
to prepare the BaTiOj solutions for spin coating was a slow centrifugation step of
the freshly prepared nanoparticle solution at 1000 rpm for 10 min. The resulting
precipitate was removed form the nanoparticle solution and the remaining nanopar-
ticles in the solution were filtered through syringe filters beginning with a pore size
of 3 um. Because the particle solution still contained some smaller agglomerates,
the solution was filtered multiple times through the same 3 pm syringe filter and
in a final step through a 0.8 um pore sized filter. Compared to the TiOs particle
solution in the BaTiOgs solution many BaTiOgs particles were retrained in the filter,
so that the concentration of the particle solution was determined after the filtering
process. BaTiOs nanoparticles were always used from ethanol solution, and because
ethanol has a good wetting ability, there was no need to add further additives for
homogenous coatings.

A third nanoparticle solution used in this work was Ludox solution from Sigma-
Aldrich (LUDOX AS-30 colloidal silica 30 wt. % suspension in HpO). This solution
was used as purchased, diluted to the desired concentration, 100 uL of 10 wt. % SDS

7.2 Spin Coating Solutions
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solution was added to 10 mL of the Ludox solution and after a 10 min treatment in
the sonication bath, the solution was filtrated through a 0.45 pm syringe filter and
used for spin coating. In the Ludox solution, the SiO2 nanoparticles are stabilised
already so no further treatment before spin coating was needed.

Nanoparticle concentrations used for a layer thickness of about 50 nm. (To 5 mL
of the TiOy and the SiOg solutions 500 pL of 10 wt % SDS solution was added.)

Nanoparticles Layer thickness [nm] Concentration [g/L]

TiOq 50 60
Si0, 50 33.5
BaTiOs3 50 20

Polymer Solution

To spin coat polymers is easier than to spin coat nanoparticles. The most important
point is to find a good solvent for the polymer, so that the polymer chains are
well dissolved and do not form big secondary structures in the solvent. Here the
molecular weight of the polymers plays an important role. For PMMA in toluene a
molecular weight of about 35 k g/mol was used. While for poly (dopaminacrylamide)
and poly(2-vinyl pyridine) (P2VP) a molecular weight of 15 to 20 kg/mol was used.
Because the polymers were all dissolved in organic solvents, which have a low surface
tension, there was no need to add additives to the solution. If the concentration of
the polymer is too high, the spin coating solution becomes too viscous. A highly
viscous solution is difficult to spread over the substrate and therefore not ideal for
spin coating. If a highly viscous solution needs to be spin coated, the substrate has
to be covered completely before starting the spin coater and the spinning speed
needs to be enhances and longer spin coating time needs are required. To spin coat
relatively thick layers, viscous solutions have to be used. But the reproducibility of
layer thicknesses is not as reliable when using highly concentrated solutions. In this
work usually polymer solution in toluene was used. The concentration was depending
on the desired layer thickness between 1 wt % and 3 wt%. All polymer solutions
were filtered trough a 0.2 um syringe filter before spin coating and all solutions were
transparent. Slightly turbid solvents indicates poorly dissolved polymers and needed

to be filtered once more.
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Characterisation

Optical Characterisation
The photonic band gap was identified using a simple spectrophotometer (Cary

5G 180-3300 nm). In a standardised method the absorption was measured from
300 to 1000 nm, if needed the wavelength region was adjusted. To confirm that the
absorption is not caused by the building blocks the reflection was recorded using
a integrating sphere. In the band gap region a maximal reflection/absorption was
measured. All samples were measured on microscope glass and measured at least at
2 different spots to justify that the optical spectrum measured was identical over

the whole sample and therefore confirm a homogenous spacing in the SL.

Mechanical Characterisation

The mechanical characterisation of the phononic crystals was done using a tech-
nique called Brillouin Light Scattering (BLS). This non destructive and non contact
technique utilises the photo-elastic coupling between laser light and phonons. It
is based on the inelastic scattering of monochromatic laser light from thermally
activated phonons. This technique opens us the ability to monitor phonons in the
giga Herz frequency range. The photons of monochromatic laser light probe thermal
phonons in the phononic crystal. This interaction causes a frequency shift of the
laser. The frequency shift of the light corresponds to the frequency of the probed
phonons (qphonon]=K[out]-K[in])- A systematic image of the BLS process is shown in

figure 8.1.

Sound waves

A systematic image of the BLS process.

For the light waves with velocities of about 3 -10% m/s acoustic waves with velocities

of about 103-10* m/s seem like standing waves. Due to dielectric inhomogeneities
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the acoustic waves with a wavelength of A can be treated as a periodic multilayered
superlattice with the periodicity of A, on which the photos undergo multiple reflection.
Interference of the reflected photons leads to a maximum intensity of phonons with
the wavelength of A = 2nAsing. Where X is the wave length of the photons, n is
the refractive index of the medium, A the wave length of the phonons and 6 is the

scattering angle.

By applying the Bragg condition ¢ = 4% smg we can demonstrate that ¢ = /{r
and therefore it is equivalent to the wave vector k of the sound waves (k = 2T). It

follows that q directly depends on the scattering angel 6. The angular frequency of
the incident photons (wj) undergoes a frequency shift through the inelastic scattering
of the photons with the phonons, the scattered photons have a frequency of wy.
Depending on the motion direction of the acoustic wave the with or against the
direction of the light, the photon ether gains (Stokes shift) or looses energy (anti-
Stokes shift). So the angular frequency shift of the shattered photons is equivalent to
the angular frequency of the phonon wphonon = |w| = ws—wi. With Wphonon = w = %
giving the angular frequency of phonons in dependency of the velocity of the acoustic
wave (c¢) and the wavelength A of the phonon. The frequency of phonons can
be calculated from the angular frequency by: f = 5-. Knowing this, it can be
easily understood that the the frequency of the phonons undergo a Doppler shift
(fs=fitek=fito 4’:\” sm2) With plus corresponding to the anti-Stokes process
(waves propagate toward the direction of the detector leading to an increased phonon
frequency) and minus describes the Stocks process (motion of acoustic waves way

from detector yielding in a decreased phonon frequency).

The BLS spectrum gives us a doublet corresponding to the two angular frequencies

(Stocks and the anti-Stocks) of the phonons w = ws — w; = %cg.

BLS Setup

The experimental setup of a Brillouin light scattering experiment is shown in
figure 8.2. It consist of a monochromatic laser, a rotating sample holder, and a
Tamdem Fabry-Perot Interferometer (FPI). A detailed description of the working

principal can be found elsewhere.[120:121],

¢
“ Reference £ &
b S beam £ &
b i B i
A \ g = .
LY % z X ) ]
\
T\ ‘
b J ! Brillouin
Polarizer A I I Doublet
L LS

Goniometer Tandem Fabry-Pérot Interferometer

[121]

Scheme of the experimental setup of the BLS experiment.
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As mentioned above the measurement is based on the opto-elastic effect of photons
with phonons. Because frequency shifts need to me monitored with a very high
resolution a high quality TFP interferometer is needed to be able to resolve the
frequencies. The laser used for experiments in this work was a solid-state diode-
pumped single-mode laser with a wavelength of A=532 nm (Coherent, Compass
315M 70 mW). This laser is placed on a goniometer arm, which makes it possible
to measure different scattering angels 6 ranging form 5 to 150° and measure in
different scattering geometries (see below). Before the laser beam passes the sample
it passes a Glan-Thompson polariser so only vertical polarised light reaches the
sample which is fixed on the centre of the goniometer. After the sample the scattered
light passes to another Glan-Thompson prism to selectively collect polarised and
depolarised light. Before the scattered light enters the FPI it passes a pinhole with
the size of 300 pm. The FPI resolves the frequency of the light and finally it reaches
the avalanche photo diode detector (multi channel analyser 1024 ch) which gives a
frequency resolution as a function of the free spectral ranges.

As mentioned before there are two different geometries in which we can measure
the scattered photons. Both configurations are shown in figure 8.3. a) is the so
called transmission geometry. Here the scattered photons are detected after passing
through the sample. This geometry has the advantage of being independent from
the refractive index n. And for the special case § = 2a the calculation of the q| gets

very easy: q| = %sing.

a) Incident light Reflected light b) Incident light Reflected light ~ Scattered light

Scattered light Transmitted light Transmitted light

Fig. 8.3: The two different scattering geometries used for BLS measurements. a) Transmis-
sion geometry and b) reflectivity geometry.

For the scattering geometry shown in figure 8.3b), the reflective mode q is give

by: qi = sin[3arcsin(*82) 4+ %arcsin(—sm(era))], for a = 189=0 the probed

wave vector is equal to . This measurement mode is therefore dependant on the
refractive index of the measured material.

BLS experiments are a powerful and advanced tool to characterise the phononic
band structure of one, two and three dimensional nanostructured materials. In
the context of this thesis all BLS measurements were conducted by Elena Alonso-
Redondo from the Butt group (group leader Georg Fytas) at the MPIP.

8.2 Mechanical Characterisation

53



8.3

8.3.1

8.3.2

54

Structure of the Samples

The structure of the SL was investigated by using low voltage scanning electron
microscopy (LVSEM). The following section gives an introduction to the sample
preparation as well as the advantages of the LVSEM technic, the setup of the SEM

used in this work and experiment parameters.

Sample Preparation

The SL were prepared on 2x2 cm glass substrates or Si-wafers (see chapter 7) and
characterised by cross-sectional SEM imaging. For the preparation a sample for the
measurements, the substrate was scratched with a glass cutter on the top side of
the sample. The cut was only done on one side of the sample and it was a few milli
meter long (see figure 8.4b). Next the samples was pressed onto the breaking-device
in the manner that the cut was in the middle of the spike. And then pressure was
exerted equally onto both sides of the substrate using two thumbs (see figure8.4c).
The breaking device is shown in figure 8.4a. Basically it is a metal block with a spike
in the middle of the block to get an edge for breaking the glass in a straight manner.
The broken pieces were put onto the cross-sectional holder for SEM imaging (see

figure 8.7 below). The breaking edge facing the electron beam.

Fig. 8.4: SEM sample preparation: a) The breaking device. b) A scratched glass substrate.
c¢) Phtot of a sample being broken.

Advantages of Low Voltage SEM

The challenge for the SEM imaging of the SL is that they are composed of non-
conducting hybrid materials from inorganic nanoparticles and electron sensitive
polymers. With the conventional SEM using electron beams from 5-35 kV the
structure of the samples would get completely destroyed, meaning the polymer would
disappear due to radiation damage of the beam. This effect could be minimised by
sputtering the sample before the imaging process with a protective layer of gold or
platinum. In figure 8.5 a sample of a PMMA-BaTiOg3 SL is shown. On the left side

an image taken with a conventional SEM with a electron acceleration beam of 15 kV
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can bee seen. The sample was sputtered with platinum before imaging. On the right
side of that figure the SEM image taken with a low voltage SEM at 700 V is shown.

Fig. 8.5: Comparison between a cross-sectional SEM images of a 10 BL PMMA-BaTiO3 SL
measured at a conventional SEM at 15 kV (left side) and being measured at a LVSEM at
700 V (right side).

There are two aspects we need to consider. First the left side SEM image is taken
from 90 degree top view, while the LVSEM image is taken under a tiled angle of
75 degree (see figure 8.7). This makes the whole stack appear thinner even though it
is not. What can be observed as well is that the ratio from inorganic (light colour)
to polymer (black) ratio is clearly higher for the conventional SEM image. This
is caused by radiation damage of the polymer under the beam. While measuring
the sample it is possible to observe a reduction of the polymer layer thickness even
thought the sample was sputtered with a protective layer of platinum.

The low voltage SEM technique using typical acceleration voltages below 5 kV,
has several big advantages compared to the conventional SEM.[122123] Tt opens
the possibility to image non-conducting samples, while minimizing beam induced
radiation damage of the sample and reducing the charging of the sample during the
imaging process. An important step for the development of the LVSEM technology
was the development of the field emission gun (FEG) as an electron source. This
electron gun has a high brightness while keeping a small spot size and a low energy
spread. This allows a high resolution at low voltages.

In this work a LEO 1530 Gemini LVSEM from Zeiss was used. As electron source
it has a FEG and the secondary electrons are detected by an in-lens detector (see
figure 8.6).

The advantages of the Gemini column is that due to its positively charged biased
booster, which shifts the energy of the primary electrons, the aberrations are
minimised and the sensitivity to interfering stray-fields are reduced. Further the
positively charged biased booster takes care that the secondary electrons emerging
from the sample reach the in-lens detector safely. The beam is focused by a
combination of magnetic and electrostatic retarding lenses and gets decelerated to
the desired primary energy only shortly before it hits the sample, which is placed
below the column. That makes it possible to image magnetic samples as well.

Using this LVSEM it is possible to image the SL without any sputtering before

imaging, thereby avoiding a thick protecting layer on the sample via sputtering. The

8.3 Structure of the Samples
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LVSEM allows us to directly image the surface of the sample without destroying the

polymeric layer and without a heavy charging of our non-conducting sample.

8.3.3 Imaging Conditions

For imaging the SL an acceleration voltage of 700 V was used. The cross-sectional
sample holder is shown in figure 8.7. The sample was fixed onto the 75 ° tilted
surface of the sample holder with a carbon tape. To minimise the charging of the
sample it was mandatory to remove all air between the glass substrate and the
carbon tape. Depending on the morphology of the sample a working distance from
2 mm to 1.5 mm was chosen, while for top view imaging a typical working distances
was around 3 mm. The lens chosen was either a 30 um or the 20 pm aperture lens.

For obtaining high quality images the line average noise reduction mode was used.

Photo of the 75°-tiled sample holder for cross-sectional SEM imaging.
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9.1

9.2

Pho(X)onic Superlattice

This chapter is taken from: Huesmann Huesmann*, Elena Alonso-Redondo*, El-
Houssaine El Boudouti,Wolfgang Tremel, Bahram Djafari-Rouhani, Hans-Jirgen
Butt and George Fytas, ACS Appl. Mater. Interfaces 2015, DOI 10.1021/ac-

sami.bb01247. (*equal contribution) and additional comments have been added.

Abstract

We studied experimentally and theoretically the direction-dependent elastic and
electromagnetic wave propagation in a supported film of hybrid PMMA (poly[methyl-
methacrylate])-TiOg superlattice (SL). In the direction normal to the layers, this
one-dimensional periodic structure opens propagation band gaps for both hypersonic
(GHz) phonons and near-UV photons. The high mismatch of elastic and optical
impedance results in a large dual pho(X)onic band gap. The presence of defects
inherent to the spin-coating fabrication technique is sensitively manifested in the
band gap region. Utilising Brillouin light scattering, phonon propagation along the
layers was observed to be distinctly different from propagation normal to them and
can, under certain conditions (SL thickness and substrate elasticity), reveal the
nanomechanical properties of the constituent layers. Besides the first realisation
of unidirectional pho(X)onic behaviour, hybrid (soft-hard) periodic materials are a
promising simple platform for opto- acoustic interactions and applications such as

filters and Bragg mirrors.

Introduction

Properties of periodic nanocomposites differ from those of their bulk constituents.
The flow of elastic and electromagnetic waves is drastically altered by the presence
of alternating dissimilar impedances in composite structures. The destructive
interference along the periodicity direction opens frequency band gaps that prohibit
wave propagation. This property can be exploited to develop and customise materials
with designed mechanical and optical characteristics. Potential applications of
periodic structures include their use as Bragg reflectors for non absorbing laser cavity
mirrors as humidity and liquid sensors®24 or for thermal management.!*25127 Ip
particular, polymer composites are attractive because of their elasticity, transparency
and easy fabrication. Despite the closeness of the refractive indices, photonic
applications incorporating polymers are well-established. For example, this is the

5. 16] [128] [129]

case of the microsegregated block copolymer Yet, to function as phononic

materials, a sufficiently large elastic impedance Z =pc mismatch (involving two

57



58

physical quantities, density p and sound velocity c) is required for a sizeable band
gap.[15:20.130.131] [noreanic materials are frequently used to boost the impedance
mismatch for a designed phononic and photonic crystal.!32 [16] One-dimensional (1D)
crystals facilitate the study of elastic wave propagation because of the vector character
of the latter. The majority of experimental investigations deal with inorganic
materials such as Si, GaAs, AlAs or Au because molecular beam epitaxy, sputtering
or lithography allow for good control over sample thickness and defects.[!33-138] Ip
particular, 1D crystals with periodicity normal to the substrate, termed superlattices
(SLs), promote both phononic and photonic band gaps. Expansion to hybrid SLs
with one soft polymeric phase enlarges the range of elastic impedance. For example,
SLs consisting of alternating poly(methyl-methacrylate) (PMMA) and porous silica
(SiO2) nanoparticle layers fabricated by spin coating have advanced our fundamental
knowledge in small scale phononics.[*5) 161 171 The cavity and surface modes as
well as their interaction when varying the thickness and the position of the cavity
layer were identified by the full theoretical description of the phononic density of
states (DOS) recorded by Brillouin light scattering (BLS). In general for SLs, the
band gap at normal incidence depends on the ¢ and p contrast between the layers.
Replacement of the SiOy (csio, = 5660 m/s, psio, = 2400 kg/m?) layer by TiO
(CTiOg,bulk = 8440 m/s, pTi0, bulk = 3900 kg/ m?) should boost the elastic impedance.
The phonon propagation in an almost symmetric TiOs-PMMA SL with a lattice
constant of 0.22 ym was earlier investigated with a photoacoustic technique.'3? In
that study, the probed phonon wavelengths (6 <A <30 pm) are much longer than
the lattice constant, and fall within the long wavelength regime far from the band
gap region. Hence, this earlier study of phonon propagation along the periodicity
direction could not reveal phononic behaviour. Instead, the propagation normal
to the layers yielded the effective medium elastic properties that unexpectedly
resemble those of the PMMA layer. To achieve large phononic and photonic band
gaps, we fabricated a PMMA-TiOs SL by spin-coating subsequent layers on a glass
substrate. We have chosen a spatial periodicity of d ~100 nm and probing phonon
wave vector ¢, with qd ~ 1. The periodicity was selected to achieve dual band gap,
a near-UV photonic and a hypersonic (GHz) phononic. Also, we probed phonon
propagation normal to the periodicity direction using BLS, where no phononic gap
but different effective medium behavior is expected. At the nanoscale, confinement
and interface effects can render different effective material elastic properties than in
the bulk. Experimental results along with theoretical band structure analysis allow
a complete optical and nanomechanical characterization of the multilayer structure,
thereby settling the necessary fundamental knowledge for applications. The paper is
organized as follows: in Section A, we present the structural characterization of the
PMMA-TiOs SL. In Section B, we describe how the sound velocity of the constituent
layers, measured by BLS, is estimated. In addition, we discuss the conditions under
which the effective medium sound velocity of the SL can be obtained from the in-

plane BLS spectra. In Section C, we provide the phononic band structure along the
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periodicity direction and demonstrate the phononic behavior both experimentally
and theoretically. In Section D, we characterize the optical transmittance and
photonic band structure of the SL, which confirms the dual gap for elastic and

electromagnetic waves.

Results and Discussion

Design of Transparent SL

To fabricate our one-dimensional SL, we spin-coated 1D alternating bilayers of

PMMA and TiO4 nanoparticles, in total 20 layers on transparent SiO4 glass substrate.

The polymer used was PMMA (poly [methyl-methacrylate]) with a molecular weight
My, = 35 kg/mol, transparent for the wavelengths of our study and thermally stable.
TiO4 (titania) nanoparticles were chosen because of the large impedance contrast
with the PMMA; additionally, the transparency of the TiO2 in the visible spectrum
and strong absorption for the UV light represent advantageous attributes in order
to create transparent films and protect the polymer from UV degradation. The
diameter of the spherical TiO2 nanoparticles is ~7 nm, which allows (a) a good
dispersion in the solvent for subsequent spin-coating and wettability and (b) several
strata of particles, for a homogeneous inorganic layer. PMMA shows a good adhesion
to the TiOs particles, essential for a stable multilayer composite without voids. The
mismatch of elastic and optical properties is large for these compatible components,
in comparison with other combinations of polymer and inorganic particles. For
example, LINbO3 (refractive index n = 2.32) has no good to 40 &+ 5 nm and 57 £
7 nm, respectively, and hence the periodicity is d = 97 & 6 nm. The shape and
ordering of the layers is extended over large areas (Figure 9.1a). Because of the
fabrication technique, there is a non-perfect alternation of the layer spacing in the SL
(Figure 9.1b), however the bandgap was found to be robust to structural incoherence
of few nanometers.'¥ We have labeled in Figure 9.1b the two layers with marked
differences, named cavities c; and co with thicknesses 30 and 75 nm, respectively.
The identification of these cavities is crucial in the theoretical representation of the
phononic band structure (next Section C). The small roughness observed in Figure
1c are less than 10% and does not represent an obstacle to achieve large bandgaps, as
reported previously.'®l Moreover, the probing spot size (50 pm) is much larger than
the length scale of the roughness, affecting mainly the width of the experimental
BLS spectra.

Constituent Layers and SL in-Plane Propagation

To characterise separately the elastic properties of the constituents, we fabricated
additional single films of PMMA and TiOs. The estimation of the sound velocities in
the two constituent layers is necessary to reduce the number of adjustable parameters
in the theoretical modelling of the phononic dispersion of the SL. We prepared
PMMA and TiOy nanoparticle films drop casted from solution. The thickness of

9.3
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Fig. 9.1: a) Cross-sectional SEM micrograph of the 10-bilayer PMMA-TiO5 superlattice. b)
Schematic of the SL. The two cavity defects are noted as c¢; and cs.

the films was in the micrometer range to measure bulk properties and avoid surface

modes. [140-142]

The dispersion relation in Figure 9.2, measured by BLS, is linear
(i.e., purely acoustic) as expected for homogeneous films. The longitudinal sound
velocity, obtained from the linear slope, amounts to cqrop = 3390 40 m/s in the
TiO2 drop casted and cr, pyvia= 2730 +20 m/s in the PMMA. The low cgop relative
to cTi0,,bulk is due to the porosity of the TiOa-drop casted film. In the fabrication
of the SL by spin-coating, infiltration of PMMA is unavoidable and hence the cqrop
value might not be the appropriate estimate of the sound velocity in TiOg sublayer

of the SL.

TiO -dropeast i &
2 - 5 2

" TiDinfiltrated

Frequency [GHz)

PRAMA

R S e
0.000 0.005 0010 0015 0.020

Wave number g {(nm ll

Fig. 9.2: a) Cross-sectional SEM image of the TiOq-infiltrated film. b) Linear (acoustic)
dispersion, frequency vs wave vector, for the longitudinal phonon in the TiOs-infiltrated
film (solid circles), TiOa-drop casted (open squares) and PMMA (open triangles). The wave
vector q is parallel to the film surface. The experimental error for the phonon frequencies
amounts 1%.

To find a better representation of the TiOy layer in the SL, we prepared a
third film by spin-coating subsequent layers of TiO2 and a thin layer (1 wt%) of
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PMMA, up to a total thickness of about 1 um. PMMA is completely infiltrated
in the TiO layer, as confirmed by the SEM image (Figure 9.2a). In spite of the
layering observed in the direction perpendicular to the substrate, this film appears
homogeneous, because these local heterogeneities are much smaller than the phonon
wavelengths (A > 300 nm). Hence a single purely acoustic phonon is observed (Figure
9.2b) yielding an effective medium sound velocity ¢*TiOs = 2900 + 50 m/s. The

infiltration of PMMA in the porous TiOq layer seriously impacts its sound velocity as

compared to the cTio, buik Of anatase crystal and even cqrop in the TiOz-dropcasted.

Therefore, the access to the experimental c*1i0, is crucial.

A similar drop is anticipated for the density p*Tio, of this layer that affects the
elastic impedance. However, since this value can be hardly estimated without serious
assumptions on the porosity and composition dependence of the mean density, we
deliberately used p*rio, as an adjustable parameter that sensitively enters the
theoretical description of the SL band structure. From the representation of the
experimental dispersion relation (Figure 9.3), we estimated p*ri0, = frequency f
at the peak position increases linearly with q| (right panel of Figure 9.3a) yielding
the longitudinal sound velocity c, = 27f/q = 3010 & 40 m/s. Unexpectedly, this
value exceeds both c*rip,and cr,,PMMA of the infiltrated TiO2 and PMMA layers

and cannot represent the effective medium longitudinal velocity cy, og of the SL.

We note that for a similar SL (infiltrated SiOs/PMMA),] ¢p, falls between the

sound velocities of the two sublayers and a good agreement with cr, . was reported.

The latter can be theoretically estimated for an infinite PMMA-TiOy SL using
essentially c*1io, and cp, pmma With minor effect of the corresponding transverse
sound velocities (Table 9.1).[143]

Physical quantities of the 10-Bilayer PMMA-TiO2 superlattice constituents and
substrate used in the theoretical calculations®. (*Density (p), sound velocity (cr,), thickness
(d) and refractive index (n). PInfiltrated.)

Parameter TiO, layer® PMMA layer SiO; substrate

p (kg/m3) 1900 1190 2480
cr, (m/s) 2900 2700 5660
cp (m/s) 1800 1400 2350
d (nm) 57 40 1 mm
n 1.85 1.50 1.50

Indeed,the computed cy, . = 2840 m/s falls between the sound velocities of the
constituent layers and is 6% smaller than the experimental cy,. Because of the finite
size effect of the SL, a computation of the density of states (DOS) for the in-plane
elastic excitations in the supported SL helped to identify the experimental acoustic
mode. Below the transverse sound velocity ctgio, = 3250 m/s of the substrate,
there are two types of Rayleigh modes: one localised at the surface of the SL with
sound velocity 1420 m/s (slightly below the mean ct ~ 1500 m/s of PMMA and
TiO2) and the second localised at the surface of the glass substrate with cg =
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a) BLS spectra recorded parallel to the substrate (normal to the periodicity) at
three wave vectors ¢ as indicated in the plot. The spectra are well-represented by a single
Lorentzian shape (red line) and the peak frequency is plotted against q in the right panel.
The pure acoustic nature of the phonon is indicated by the solid red line. b) Computed
total density of states (DOS) integrated over the thickness of SL and substrate (top) and
only in the SL (bottom). The two arrows indicate the frequencies of the experimental
longitudinal sound velocity ¢, = 3010 m/s phonon (solid) and the computed effective
medium sound velocity cp es = 2840 m/s (dashed) at ¢ = 0.0167 nm™". ¢) Square modulus
of the displacement fields of the acoustic modes around 3000 m/s in the supported SL with
longitudinal (LC, red line) and transverse (T'C, blue line) components of the polarisation
against the dimensionless z/d position.

3000 m/s (slightly below cr sio,). In addition, there are several discrete (or standing)
modes confined in the SL. The calculation of DOS and displacement field for the
present SL, shown respectively in panels b and ¢ in Figure 9.3, was performed using
the densities and sound velocities listed in Table 9.1 1.32 Figure 9.3b gives the
DOS vs the sound velocity at q = 0.0167 nm™!, with (upper panel) and without
(lower panel) the contribution of the glass substrate. The upper panel shows good
agreement with the Brillouin spectra (Figure 9.3a), where the SiO2 Rayleigh mode
dominates the other SL guided modes. The lower panel shows a broad peak where
the increase of DOS around the frequencies of the effective medium acoustic phonon
(cLeff = 2840 m/s, dashed arrow) is associated with the longitudinal guided mode
(LGM) M4 [149] Tndeed, an analysis of the displacement field of this mode (Figure
9.3c) clearly shows that it is confined in the SL region and decreases exponentially
in the substrate. Also, its longitudinal component (red line) is predominant in
comparison with the transverse component (blue line). From a comparison between
Figures 9.3a and b, and the fortuitous proximity of the values of cg (= 3000 m/s)
and cr, o (= 2840 m/s), one can deduce the experimental cr, (= 3010 m/s) bears both
contributions, rendering their discrimination ambiguous. Thus, the experimental c,
for in-plane propagation cannot be uniquely associated with the elastic properties of

the two layers of the SL and is not free of substrate effects.
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In the earlier investigation of the in-plane phonon propagation for a PMMA-
TiO9 SL, also on glass substrate, two dispersive phonons were resolved in the long
wavelength limit (qd <1) using a photo-acoustic technique.3¥ Their dispersion in
the multilayer structure was described assuming it was a single uniform layer with
effective sound velocity 2870 m/s, being closer (15%) to the sound velocity in PMMA
(2490 m/s!'7)). In this low q)| range, the access to two dispersive elastic excitations
allows the estimation of effective sound velocity, subject to the assumption of a
uniform single layer. In the same context, the measured sound velocity 3020 m/s for
a SiOy-PMMA SL supported on glass substrate is very close to the effective valuel'®
and is affected to a lesser extent from the substrate because of the higher sound
velocity of the SiOy nanoparticle phase cr,gio, (= 3100 m/s) exceeding the cg of

the glass.

T T
q = 0.0386 nm

Frequency (GHz)

q = 0.0361 nm

T T T T T T T T 0
5 10 15 2m,00 0,01 0,02 0,03 0,04 0,05
Frequency (GHz) Wavenumber g (nm’)

Left: BLS spectra recorded perpendicular to the substrate (parallel to the
periodicity) at three wave vectors q | indicated in the left panel. Right: Dispersion relation for
phonon propagation along the two orthogonal directions, parallel (squares) and perpendicular
(circles) to the PMMA-TiOs SL layers. The dispersion for an infinite SL with q, is shown
as a black solid line, whereas the blue solid line represents the linear (acoustic) dispersion
for the in-plane propagation (q) also shown in the right panel of figure 9.3a.

Hypersonic Phononic Band Gap (Normal to the SL)

Bragg interference band gap in SLs appears along the periodicity direction when
the wavelength of the phonon propagating normal to the film is commensurate with
the lattice constant, i.e., q d = 1.10 The BLS spectra recorded for q; values close
to the first BZ, at ~7/d = 0.032 nm™!, deviate from the single peak structure of an
effective medium acoustic propagation. Defect-free SLs display two-phonon branch
structure at the Brillouin edge, whereas the presence of defects causes an increase of
the number of resolved modes in the BLS spectrum.!7]

In fact, Figure 9.4 (left panel) shows that three Lorentzian shapes are necessary
to represent the experimental BLS spectra and obtain the frequencies of the resolved
modes at different wave vector modulus q;. The dispersion along this direction
reveals the anticipated Bragg-type phononic band gap centred at 15 GHz, with
a bandwidth of ~5 GHz as shown in Figure 9.4 (right panel). The lower edge
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of the band gap is related to a standing wave with nodes located in the softer
material (PMMA); the maximum amplitude of the displacement field is located in
the TiOg9 layer. The opposite applies for the upper edge of the band gap, connected
to the standing wave with nodes in TiOs. Additional modes in the phononic band
diagram are unequivocally related to the structural defects in the SL and their
unique identification requires theoretical modelling of both the band diagram and
BLS spectra. The band structure is very sensitive to periodicity perturbations.
The theoretical spectral shape considering the contribution of two cavity modes
representing the defects is mapped in the contour plot of Figure 9.5, which accounts
for the BLS intensity shown in a colour scale (arbitrary units). The ideal case of
an infinite defect-free lattice is represented by a solid grey line (Figure 9.5a). For
the theoretical modelling, we considered two defects in the third and fifth layers of
TiOy with thicknesses d3;, = 30 nm and d°., = 75 nm, and the elastic parameters
given in Table 9.1. The square modulus of the displacement field at the frequencies
of modes labeled ¢|1 and c3 is shown in Figure 9.5d. The maximum displacement
occurs in the region of the considered defects, noted by dots in the position axis,
and vanishes in the surface. Its frequencies are f;, (f,) for the thin (thick) cavities
with f., <f.,. The two frequencies do respect the f. ~ 1/dc dependence,'7! but as
they fall on two different branches they appear to violate this relation. The total
DOS integrated over the thickness (Figure 9.55¢) identifies these cavity modes, and
determines the Brillouin intensity as visualised in the BLS spectra of Figure 9.5¢
at q; = 0.0368 nm'. The theoretical BLS spectrum is represented by Lorentzian

functions broadened by convolution with the instrumental function (~0.5 GHz).
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a) Theoretical dispersion relation of an infinite SL (solid line) and Brillouin
intensity, given as a colour scale, for the PMMA-TiOy SL considering two cavity defects. b)
Theoretical (solid line) and experimental BLS spectrum for three selected wave vectors q |
(along the periodicity direction). c¢) Total density of states (DOS), where ¢; and ¢y denote
two cavity modes lying inside the band gap (d) Square modulus of the displacement fields
of the two cavity defects. The points in the position axis denote the limits of the defects.

In addition to the band gap structure, the effective medium behaviour (low
q. limit) along the periodicity direction is also predicted. The effective cr,; can
be obtained from the mean longitudinal modulus of the SL envisaged as a single
uniform layer with M| = pcr, | 2, where p (= 1610 kg/m?) is the mean density.
Because the SL modulus M| obeys Wood?s law['46] its value is obtained from the
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moduli of the constituent layers. Using the densities and the sound velocities of
Table 9.11 and the volume fraction of the layers in SL, M; =11.8 GPa yielding
cr, 1 = 2710m/s. Interestingly, the effective medium sound velocities along the two
symmetry directions are not the same; cr, | is about 5 % lower than the in-plane cy, cf
(= 2840 m/s). Assuming isotropic density, the effective in-plane elastic constant (Cq1)
is about 9 % higher than the out-of-plane (C33) component, asserting the anisotropic
nature of the elastic tensor of the SL.3] Access to direction dependent mechanical
properties is not possible with conventional rheology or atomic force microscopy
(AFM), but requires elastic wave propagation selectivity, feasible through the vector
nature of the BLS technique.'7 As in the case of PMMA-SiOy SLs,16:17 both
phononic band diagram and the experimental BLS spectrum are well-represented
with two adjustable parameters (p*TiO2 and ratio of elasto-optic constants (The
ratio of elastic-optic constants for PMMA and TiO2 was assumed as ppymAa /PTiO,
= 1.9.) using all elastic moduli fixed to the values of the constituent TiO2 and
PMMA layers; the assumed number of defects and thicknesses are in conformity
with the SEM images. These two successful cases allow for a reliable prediction of

the elastic wave propagation in 1D phononic structures.

Photonic Band Structure

Further characterisation of the SL was done via optical spectroscopy. When a
monochromatic light is launched onto a periodic layered medium, with frequency
in the range of the forbidden band gap, such a wave is evanescent and does not
propagate through the medium. The energy is reflected, and the medium acts as a
Bragg reflector. The peak reflectance for normal incidence occurs at the centre of the
forbidden band, given by A = 2n.gd**8) In the present SL with an effective refractive
index neg = 1.71 and lattice constant d = 97 nm, the peak should appear around 332
nm. Indeed, the photonic band gap was found experimentally in the range 315-360
nm (Figure 9.6a). As the films are supported by a glass substrate, a strong absorber
in the UV region, experimental curves are affected by an error for A < 300 nm. At
the laser wavelength (532 nm) used in the BLS experiment, the SL is transparent
(arrow in Figure 9.6a) allowing for optimal transmittance required for strong BLS
signal. The modulation of the SL optical behaviour is noticeable in comparison to its

constituents (dotted and dash-dotted lines), both being transparent in the visible.

To account for the band gap observed in the experimental transmittance, we have
computed the photonic band structure of Figure 9.6b using the refractive indices
npmMA = 1.5 and npio, = 1.85 for the constituent layers (Table 9.1).1149 We should
note that nrjo, must be lower than the bulk anatase TiO2 (nTi0, buik = 2.5) due
to the infilled PMMA. We have estimated nrio, from n.g, npyva and the TiOg
fraction in the SL, assuming a linear dependence. The computed photonic band
structure exhibits a gap in the region of wavelengths 310-350 nm. The band gap
opens because of the large mismatch in the dielectric constant € (e ~ n?), or in other

words, because of the difference in field energy location. At the edges of the band
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band structure of the infinite SL. Inset: picture of the sample showing its transparency in
the visible region.

gap, the majority of the energy is localised either in the PMMA (lower part of band
2) or TiOy (upper part of band 1). The gap located in the UV region blocks those
wavelengths and lets the rest, e.g., visible light, pass through the structure as seen in
the photograph (inset of Figure 9.6b). Thus, a unidirectional pho(X)onic behaviour
(Figures 9.5a and 9.6) at different frequencies but with almost the same wavelengths

for the elastic and electromagnetic waves is realised and justified for a hybrid SL.

Conclusion

We have studied by Brillouin light scattering (BLS) the elastic wave propagation
in supported one-dimensional PMMA-TiOy multilayer structure (superlattice, SL)
along and normal to the periodicity direction. The isotropic wave propagation in
the constituent layers becomes direction dependent in the SL, with rich dispersion
frequency vs. wave vector relations. Normal to the periodicity (in-plane) phonon
propagation depends on the elastic mechanical properties of the constituent layers
but also on the glass substrate in the case of finite SL thickness. The observed
acoustic mode is not necessarily identified with the longitudinal acoustic phonon
of the effective SL medium, fully determined by the composition and properties
of the constituent layers. Instead, it relates to the predominantly longitudinal
guided mode (LGM) localised in the SL as reflected by the computed displacement
fields of the propagating modes along the layers. Based on the density-of- states
(DOS) calculations, the LGM frequency of this SL is higher than the frequency
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of the effective medium phonon. The proximity of the two modes depends on
the longitudinal sound velocities in the constituent layers relative to the transverse
velocity of the glass and the thickness of the SL. Hence, the extraction of the material
elastic properties from the experimental acoustic mode is not straightforward. For
the elastic and electromagnetic wave propagation along the periodicity direction
studied by BLS and optical reflectance, a dual large band gap in the hypersonic
(GHz) and near UV frequencies is realised for the first time in hybrid SLs. Although
the spin-coating technique provides a facile fabrication of SLs with large range of
materials, however the structure coherence is low compared to semiconductor SLs
using MBE fabrication. The width of the band gaps is rather robust to such thickness
variation but distinct defects are manifested in the BZ edge as localised modes. The
theoretical representation of the dispersion band diagram, as well as of the BLS
spectra, allows the identification of cavity defects and the elastic properties of the
constituent layers. Surprisingly, the sound velocity in the TiOs layer is marginally
higher than in PMMA layer and hence the observed large band gap essentially
reflects the density contrast. For the effective medium elastic modulus along the
symmetry direction, a low (~9%) mechanical anisotropy is revealed.

This is the first realisation of a unidirectional pho(X)onic hybrid SL occurring
at similar phonon (A = 27/0.032 nm) and photon (A = 332/n.s nm) wavelengths
~200 nm, and complements the recent report on porous silicon SL.[33] However, in
the present BLS experiment with a laser wavelength at 532 nm the phonon-photon
coupling must be weak. To the best of our knowledge, there are only theoretical
works on active 1D pho(X)onic structures.['50151 The present experimental and
theoretical study provides a thorough understanding of 1D pho(X)onic structures
necessary to access fundamental concepts such as opto-acoustic interactions, phonon
and photon confinement for sound amplification and Bragg mirrors. Alternative
fabrications techniques such as direct ink writing!!®2 can be examined to further
improve and extend the range of hybrid SLs, which is a step forward from the

conventional semiconductor-based structures.
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Materials and Methods

Nanoparticles

3,4-Dihydroxy hydrocinnamic acid (DHCA) functionalized TiOy nanoparticles
were synthesised by hydrolysing 20.6 mL of titanium isopropoxide in 37 mL of
Milli-Q water and stirring for 1 h. The resulting white precipitate was filtered and
dried in air before transferring into a stainless steel autoclave containing 0.96 g of
DHCA and 12.8 mL of 5 wt% tetramethyl ammonium hydroxide solution (TMAOH).
The autoclave was sealed and heated to 120 °C for 6 h and 4.5 h to 195 °C. The

particles are composed of the anatase phase with mass density of 3.9 g/mL.

Superlattice

To prepare the spin coating solution from the TiOs nanoparticles 6.78 mL of
14% NH3 and 100 pL of 10 wt% sodium dodecyl sulfate were added to 3.22 mL
of the as-prepared nanoparticle solution. Ten alternating layers of 2.2 wt% of
PMMA (poly[methyl-methacrylate], Acros Organics) solution in toluene and TiOq
solution was spin coated on a glass substrate (spin coating parameters: v = 5000 rpm,
t =20s.; ACL = 5000 rpm/s), with a heat treatment of 100 °© for 15 min after each
layer.

For the TiOsq-infiltrated film, we used the TiO9 solution and a 1 wt% PMMA
solution in toluene. The spin-coating procedure was the same as for the SL, with a

total number of 13 layers of TiO2, which amounts to a thickness of ~1 pm.

Brillouin Light Scattering and Optical Spectroscopy

BLS is a noninvasive technique which utilises the scattering of an incident probing
laser beam from thermally activated density fluctuations (phonons) in transparent
materials along a certain direction. The probing wave vector direction is selected
with the scattering geometry, and its wavenumber q = 47 /) sin(0/2) is dependent
on the wavelength of the probing beam A = 532 nm and the scattering angle 0
for propagation parallel to the substrate plane. The probing wave vector g (n)
perpendicular to the substrate is depending on the refractive index, n, and the
analytical expression can be found elsewhere.!'6l The BLS spectrum for homogeneous
materials consists of a double frequency shift (+f) at GHz frequencies, resolved by
a tandem Fabry-Perot interferometer (JRS Instruments), whereas for structured
materials, a more complex spectrum arises. The dispersion relation f(q) reveals
much information such as sound velocity, effective refractive index, and avoided
frequency regions (band gaps) in the GHz regime. The optical transmittance of
the SLs was checked by an UV /vis spectrometer (Varian, Cary 5G UV /vis NIR

spectrometer) at normal incidence.

Electron Microscopy
The morphology and microstructure of the SL were characterised by a scanning
electron microscope (SEM, LEO Gemini 1530) at 0.7 kV. The measured thickness
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of the PMMA (TiOg2) layers is 40 £ 5 (57 & 7) nm. A deviation of this value
is observable, especially in certain layers that are subsequently treated as defects,
which are of special importance in the theoretical description of the band structure.
Nanoparticles were drop-coated on a carbon-coated copper grid from an ethanol
solution and measured with at acceleration voltage of 120 kV with a transmission
electron microscope (TEM, JEOL 1400). Nanoparticles are spherical, with an
average diameter of (7 &+ 2) nm (Figure 9.7).

Fig. 9.7: TEM Image of the TiO5 nanoparticles used for spin coating the SL.

9.5.5 Theoretical Modeling

The computation of BLS spectra is based on the calculation of DOS utilising

Green?s function technique. The reader is referred to Supplemental Information of
refl!7,
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Additional Comments

As mentioned in section 9.3.2. the sound velocity of the titania layers in the
superlattice are not well known but well approximated. The challenge is to know
the actual composition of the layer. PMMA infiltration occurs for sure but to know
the exact amount stays a challenge. There are different methods to analyse the
compositions of layers. For example via ellipsometry or x-ray diffraction experiments.
For ellipsometry we would need an exact layer thickness, which is difficult, because
the single layers in the SL have a variation of about 5 %, this error can not extinguish.
And during x-ray experiments the PMMA is damaged and degenerated and therefore
an other inaccuracy rises. In conclusion the approximation made in the paper is
equally correct.

To prove this further experiments on titania PMMA blends were conducted.
Different mixtures of PMMA and titania nanoparticles with well-defined fractions
of PMMA were prepared and the sound velocities of this blends were measured
using BLS. The blend were prepared as follows. First a homogenous mixture of
nanoparticles and PMMA in a solvent was prepared. This mixture was drop casted
onto a glass substrate and after the solvent was evaporated at air the samples were
transferred into a oven and heated for 30 min to 120 °C to remove the remaining
solvent.

Figure 9.8 shows the measured sound velocity of the TiO2-PMMA blends starting
from a pure PMMA film to a pure porous TiO5 film. The sound velocity rises parallel
to the fraction of TiO9 nanoparticles. This behaviour is expected, because the had
TiOs is known to have a higher sound velocity than the soft PMMA. To confirm,
that the blends show a homogenous distribution of polymer and nanoparticles cross-
sectional SEM images of the 0.3 and 0.7 TiO2-PMMA blends were taken. The
images in figure 9.9 and 9.10 show, that the polymer and the nanoparticles are
mixed well and that a adequate blend is achieved.

The absolute value of the sound velocity does not match exactly with the values of
the sound velocity of the spin coated sample (2900 m/s), but this can be explained
by the different fabrication method. During the drop casting fabrication method,
the nanoparticles and the PMMA have time to pack well, while during spin coating
the particles pack randomly and relatively more air in included into the film. Air
voids reduce the sound velocity and therefore the lower sound velocity measured
in spin coated sample in section 9.3.2 simulates the value of the sound velocity of
the TiOq layers within the SL more accurate that the blends. This demonstrated
that sound velocity of films does not only depend on the used materials but on the
fabrication method as well. So the results on the blends only prove, that the used

principal of the assumption of the sound velocity is right, but not the absolute value.
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Fig. 9.8: Sound velocity of TiOo-PMMA blends as a function of the TiOs weight fraction.

Fig. 9.9: SEM image of the TiOy PMMA blend with a TiOy weight fraction of 0.3.

Fig. 9.10: SEM image of the TiO; PMMA blend with a TiO5 weight fraction of 0.7.
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Experimental details

For the fabrication of the blends a mixtures of the polymer and the TiO2 nanopar-
ticles were made as described in table 9.2. The used solutions were: NP: 2.2 wt%
TiOs NP in TMAOH; PMMA: 20 wt% PMMA in ACN. Microscope slides were
cut into 1x2 cm pieces and cleaned in hot piranha solution (HaSO4:H209 2:1) for
30 min. The glass substrates were afterwards washed with ethanol and heated to
450 °C for 2 h. 25 pL of the as prepared mixtures were spread onto a glass substrate
by using a Eppendorf pipette and dried at air. After the samples seemed dry they
were transferred into a 120 °C hot oven and kept there for 30 min to make sure no

solvent would remain in the sample.

Mixing protocol for the fabrication of the TiO; PMMA blends (* a 2.2 wt%
PMMA solution in ACN was used).

TiOg weight fraction NP / uL. 14 % NHs / uL.  ACN / puL. 20 wt% PMMA / uL

0 0 0 0 25*
0.1 100 600 200 99
0.3 300 400 225 77
0.5 500 200 254 %)
0.7 700 0 0 300%*
1 25 0 0 0
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10.1

10.2

PMMA-BaTiO3 Superlattices

Introduction

In chapter 9, we demonstrated that it is experimentally possible to get so-called
pho(X)onic crystals with dual photonic and phononic band gaps. In this chapter,
we will try to push the limits of the optical and the mechanical contrast in the
building materials of the SL. By increasing the refractive index of the inorganic
building block, the photonic band gap is expected to shift to longer wavelengths.
For the phononic band structure, a widening of the gap is expected when the elastic
impedance difference is raised. To increase the refractive index and the elastic
impedance, it is necessary to switch to other materials or find a method to improve
the packing of the nanoparticles within the layer. It is relatively easy to substitute
the titania nanoparticles. There are some suitable candidates. Barium titanate has
a high refractive index of 2.38 and in a solid state a very high density of 6.02 g/cm?.
Therefore, it seems to be a very good candidate to push the contrast of the refractive
index and the density in comparison to PMMA. Another approach is to use a softer or
lower refractive index polymer than PMMA. But it is hard to find suitable polymers
with significantly lower refractive indices or mechanically softer polymers which are
still easy to process. In this chapter, two PMMA-BaTiOgz SLs are introduced and

characterized.

Results and Discussion

The PMMA-BaTiO3 SLs were built up from commercially available poly(methyl
methacrylate) and spherical BaTiO3 nanoparticles. The synthesis of BaTiO3 nanopar-
ticles is described in chapter 6, spherical 7 nm-sized particles were used to build the
SLs. They were fabricated using the spin coating technique, a detailed description
of this technique is given in chapter 7. Here, two SLs are presented SL A is a SL
with asymmetric layer symmetry, the PMMA layer is very thin while the BaTiO3
layer is almost four times thicker. SL B is a SL with symmetric spacing with similar
PMMA and BaTiOj layer thicknesses.

SL A shows a lattice constant of a = 106 nm, with an average layer thickness of
21 nm and 85 nm for the PMMA and the BaTiOj3 layer, respectively. SEM images
of this SL are shown in figure 10.1a. It shows a good homogeneity over a large
area, while the inset gives a more detailed image of the single layer structure. The
PMMA layer (dark/purple) is homogenous, while the BaTiOgs layers show a porous

structure with small variations in thickness. Based on the earlier PMMA-SiO51¢! and

73



74

PMMA-TiO5[™ results, these small variations do not affect the properties of the SL
dramatically. The optical absorption spectrum of SL A is presented in figure 10.1b.
It exhibits a maximum at 419 nm. To prove that this peak is neither caused by the
absorption of PMMA nor by the absorption of BaTiOg nanoparticles, the absorption
of the PMMA and BaTiOsg films are plotted below. The PMMA absorption (dashed
line) as well as the BaTiO3 nanoparticle absorption (dotted line) do not show any
significant absorption in the wavelength range of interest. This proves that the
absorption is caused by the structure of the SL and the maximum at 419 nm presents
therefore the photonic band gap (PtBG) of the SL A. To get a better understanding
of the optical properties, the Bragg-Snell law (mAprae = 2(ng - hr + ng - hy)),
which is known to give a first hint of the expected position of the PtBG of 1D PtC,
was applied. By using a refractive index of 1.5 for PMMA and 2.38 for BaTiOs3,
the Bragg-Snell law predicts the band gap at 467.5 nm. This value is, considering
the inaccuracy of the approximation, in good agreement with the PtBG found,
knowing that the refractive index of BaTiOs is reduced due to infiltration of the
PMMA into the BaTiOg3 layer. It is useful to calculate the refractive index utilizing
the Bragg-Snell law in a reverse manner by putting the lattice spacing and the
absorption maximum into the equation. This gives a refractive index of the BaTiOg
layer of 2.09 and therefore a reduction of the refractive index of 12% compared to
the value for the bulk material from literature. For the PMMA-TiO5 SL a reduction
of the refractive index of the TiOs layers of 25% was assumed.l”™ Knowing that the
refractive index of the nanoparticle layer was reduced due to the void space between
the nanoparticles, the theoretically expected and the measured band gaps are in a

very good agreement.

Absorption | a.u.

Wavelength / nm

a) Cross-sectional SEM images of the PMMA-BaTiO3 SL A. b) UV/Vis absorption
spectrum of the PMMA-BaTiO3 SL A (solid line) and a PMMA film (dashed line) and a
BaTiOs3 film (dotted line).

The phononic characterization of this SL was not trivial, a broad phononic band
gap, as expected, could not be found (see figure 10.2). Instead, for SL A a surprisingly
low average effective longitudinal sound velocity, an extremely low effective refractive
index of 1.54 and a small band gap was found, when assuming a density of 1.5 for
the BaTiOgs layers. The average value for the longitudinal sound velocity is with
2570 m/s lower than the sound velocity of PMMA films (2700 m/s) and bulk BaTiO3
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(6200 m/s). In the range between 0.001 < q < 0.01 / nm three dispersive modes can
be identified. The low effective sound velocity, and the origin of the dispersive modes
will be discussed below. Further, for q; a single mode was found, meaning that the
evidence for a phononic band gap is not given. There is a possibility that the band

gap still exist, but the lower branches cannot be detected due to low intensity.

Frequency / GHz

Ne= 1.54
1 Pgatios = 2 g/m®
CgaTioz= 2500 m/s
°
14 L9 d

0.00 0.01 0.02 0.03 0.04
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Fig. 10.2: Dispersion relation of the PMMA-BaTiO3 SL A, dots measured values and black
line calculated dispersion relation for an infinite SL with optimized values for the effective
refractive index (1.54), density of the PMMA layers (2 g/m® and the sound velocity of the
BaTiOs3 layers (2500 m/s).

It was suspected that the closing of the band gap was caused by the asymmetric

layer spacing, therefore a symmetric PMMA-BaTiO3 SL was prepared.
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Fig. 10.3: a) Cross-sectional SEM images of the PMMA-BaTiO3 SL B. b) UV/Vis absorption
(red line) and transmission (blue line) spectra of the PMMA-BaTiO3 SL B.

By reducing the concentration of the BaTiO3 nanoparticles solution from 34 g/L
to 20 g/L, the BaTiOg3 layer thickness was reduced from 85 nm to 63 nm. At the
same time, the PMMA spin coating solution was concentrated from 2.0 wt% to

2.5 wt% which caused an increase of the layer thickness from 21 nm up to 70 nm.

10.2 Results and Discussion
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An SEM image of the PMMA-BaTiOs SL B is given in figure 10.3a. With a lattice
constant of a =133 nm, the total thickness of the SL is higher, the layer thickness of
the PMMA and the BaTiOj3 layer was measured to be 70 nm and 63 nm, respectively.
The quality of the single layers is similar to SL A. Applying the Bragg-Snell law, a
PtBG at 509.8 nm is expected. The optical transmission and absorption spectra
of the SLL B are shown in figure 10.3b. With the absorption maximum at 435 nm,
the theoretical calculation is less precise than the calculation for SL. A. This can be
explained by a stronger infiltration of PMMA into the BaTiOj3 layer. If we have a
closer look at the inserted SEM image in figure 10.3a, a strong infiltration of PMMA
can be seen. The Bragg-Snell law, applied in a reverse manner to calculate the
refractive index of the BaTiO3 layers, yielded a refractive index for these layers of
1.79, meaning a reduction of the refractive index of 25%. This is a similar reduction
as observed for the PMMA-TiO, SL in the previous chapter and due to a similar
lattice spacing between these two SLs a reasonable value for the refractive index of
the BaTiO3 layers.

The phononic properties were investigated as well, but a proof for a phononic
band gap could be found neither in the symmetric SL B nor in the asymmetric SL A.
The dispersion relation of the SL B is given in figure 10.4. The same slow average
effective longitudinal sound velocity and the dispersive modes for small scattering

vectors (, as well as the low effective refractive index as in SL A were found.
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Dispersion relation of the PMMA-BaTiO3 SL B, dots: measured values, black
line: calculated dispersion relation for an infinite SL with optimized values for the effective
refractive index (1.54), density of the PMMA layers (2 g/m? and the sound velocity of the
BaTiO3 layers (2500 m/s).
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As mentioned above, it is interesting, that in SL. A and B for small q| three
dispersive modes are observed. These modes could correspond to the Lamb modes
of the BaTiOg layers. In figure 10.5 the phase velocity (27f/q) as a function of q
is given. It is noteworthy, that this is the first time to detect these modes in the

[16717}) it was not possible

hybrid SL. In previous SLs (see chapter 9 and literature
to detect the signal of the Lamb modes. One possible reason for the appearance of
these modes could be the extraordinary high density of the BaTiO3 nanoparticles.
The contrast between the density of the PMMA and the BaTiO3 is much higher

than in previous SLs and this could allow the detection of the lamb waves.
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Phase velocity (27f/q) as a function of ¢, the dispersion of the modes in plane is
revealed, a) for SL A, b) for SLB.

For a deeper understanding of the behaviour of the BaTiO3 containing SLs, the
properties of a single BaTiO3 film were investigated.

To do so, a BaTiOj3 film with a thickness of 1 um was prepared by repeatedly
spin coating 14 layers of BaTiO3. A laser microscope and an AFM image of the
resulting BaTiO3 film are shown in figure 10.6a and b. Using nanoindentation, the
Young’s modulus E of 3.28 + 0.88 GPa was determined (see figure 10.6¢). Further,
the determination of the sound velocity of the same BaTiOg3 film was done by BLS
measurements. Here too, a surprisingly low value for the longitudinal sound velocity
of 1500 m/s was found, the corresponding dispersion plot is given in figure 10.6d.
The low sound velocity of the BaTiO3 film helps to understand the low effective
sound velocity found in the SL A and B. Since the Young’s modulus and the sound
velocity of the BaTiOj film are known, we can extract, that the density of the
BaTiOj film is higher than 1.46 (M= p ¢? >E). To know that the density has to
be higher than 1.46 helps to know the dimension of the density values used for the
calculation of the dispersion relation of the SLs.

This pure BaTiOgs film gives a hint of the properties of the BaTiOg3 layer, but

does not describe the exact reality. As mentioned before, the inorganic nanoparticle
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a) Laser microscope image and b) AFM image of the BaTiOj film. ¢) Diagram of
E-modulus vs. indentation depth nanoindentation, circles: measured data, red line: average
over all data points. d) Linear (acoustic) dispersion plot of the BaTiOz NP film.

layers within a SL are infiltrated with PMMA. Thus, preliminary experiments on
PMMA and BaTiOg3 blends were conducted. These experiments demonstrate how
important the fabrication method, the post-fabrication treatments and the surface
functionalization of the nanoparticles are for the properties of the films. Here, two
batches of blends were fabricated using drop casting technique. The measured
sound velocities for the two batches of PMMA-BaTiO3 blends with different volume
fractions are given in figure 10.7. The first batch of blends (squares) was prepared
using a slow drying method with different heating steps. The second batch (triangles)
were heated only once to a high temperature, therefore the solvent was evaporated
fast. The difference in sound velocity can be explained by thinking about the different
packings of a slowly and a quickly evaporated solvent sample. A slow evaporation of
the solvent gives the nanoparticles time to arrange in a closely packed order, while a
fast evaporation of the solvent means that the packing of the nanoparticles will not
be as ideal, therefore more void space will remain in the film and the sound velocities
will be reduced. Additionally, it should be pointed out, that the sound velocity of
the drop casted (slowly dried) pure BaTiOj3 film is, with 2090 m/s, significantly
higher then the sound velocity of the spin coated film (circle) (for the pure BaTiO3
films a close packing of nanoparticles is assumed, thus, a volume fraction of 0.74).
This gives a hint, that spin coated layers are not close-packed, but contain even
more void space than drop casted films. Thus, to really exactly reproduce the layer

composition within the SLs, the blends need to be fabricated using the same method
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like the SLs, thus they need to be spin coated. The results on the blends presented
here are preliminary results, at the moment this results are being reproduced to
confirm their correctness. But in previous experiments with different blends, it was
observed, that solvents, particle morphology, surface ligands and the fabrication
method influence the sound velocity of the films tremendously.[!53 In conclusion,
the packing of the particles within the film and the contact of the particles to their

neighbours influence the speed of sound in films.
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Blot of the sound velocity vs. volume fraction of the PMMA-BaTiOg3 blends.
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Summary and Outlook
The fabrication of PMMA-BaTiO3 SLs was successfully demonstrated. By chang-

ing the concentration of the BaTiO3 nanoparticle solution, the lattice spacing was
well adjusted and controlled. The interpretation of the photonic behaviour of the
PMMA-BaTiO3 SLs gives a hint, that the BaTiOgs layers within the SLs show
a strong infiltration with PMMA. The pure BaTiOg3 film was found to exhibit a
surprisingly low sound velocity, while the characterization of the blends revealed a
strong influences of the experimental fabrication methods and the degree of infil-
tration on the sound velocities of the layer. The BLS measurements of the two SL
showed unexpected behaviour. Instead of a broad phononic band gap, a small band
gap was found, whereas the proof of the gap (lower branches for ¢ ) could not be
found so far. The reason for the small gap might be connected to the low sound
velocities of the BaTiOg3 layers. However it is not clear wether the fact, that BaTiOs
is a ferroelectric and photorefractive material, and shows light induced absorption
influence the BLS measurement. Because some questions remain open, the study
of the PMMA-BaTiO3 SLs is going on. At the moment, theoretical calculations of
the UV-Vis absorption spectra as well as the phonon dispersion of the SLs are in
preparation. From these calculations, we hope to gain a deeper understanding of the
experimental results. It seems that BaTiO3 nanoparticle films show an unexpectedly

low refractive index and sound velocity in comparison to solid state BaTiOj.

Experimental Details

Fabrication of two PMMA-BaTiO3 SL was conducted by spin coating 20 alter-
nating layers of PMMA solution (SL A: 2.0 wt% and SL B: 2.5 wt% in toluene)
and BaTiO3 particle solution (SL A: 34 mg/mL and SL B: 20 mg/mL in EtOH) at
5000 rpm for 20 s. After spin coating, each layer was heated in the oven for 15 min
at 100 °C. Here, the SL A was spin coated onto quartz substrate and the SL B was

spin coated on ordinary microscope slides (soda-lime glass).
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11.1

A Tandem Superlattice

Introduction

After the fabrication and characterization of (AB),-type superlattices with A
being PMMA and B being silica, Schneider et all. investigated the effect of different
defects onto the phononic dispersion relation of the SLs.!”) They found new modes
within the band gap region by introducing an extra PMMA surface layer and defect
layer within the SL. Within this theses an exchange the building blocks, especially
the nanoparticles in the SLs was presented. The exchange of the building blocks
allows to tune the position of the band gap and broaden the width of the gap (see

previous chapters).[™!

Within this chapter we want to go on step further and combine two SL into one

tandem SL with a structure illustrated in figure 11.1.

In literature a tandem PtCs was published by Goto et al., reported the fabrication
of a dielectric multilayer built up from TasO5-SiOo SL with a TasO5 surface layer
and a bismuth-substituted yttrium garnet-SiOy SLI*¥. This tandem SL is reported
to show a optical Tamm state, which is an allowed state within the band gap of the
two SLs. This shows that the combination of two different SLs with an additional
defect layer exhibits not only the properties of the single lattices but shows new

characteristics.

The idea to build 1D PnC with higher symmetry is not new, Quotane et al.

reported a theoretical study of the propagation of acoustic waves in quasi-periodic

structures inspired by the Fibonacci SL.['55,

Systematic image of an (AB)5A(CB)s5 tandem superlattice (purple: PMMA, blue
and yellow: inorganic nanoparticles).

81



11.2

11.2.1

82

Nevertheless, the fabrication and characterization of a tandem SL build up from
two SL each containing a periodic modulation of the refractive index as well as of

the elastic moduli has not yet been published and will be presented here.

Results and Discussion

The fabrication of the tandem SL was carried out in the same fashion as the
AB-type SLs from the previous chapters. First the lower SL was spin coated starting
with a SiOs layer, and followed by alternating spin coating of PMMA and SiO,
layers ending with an SiOq layer as a defect layer. On top of the SiOq layer the
BaTiO3-PMMA SL was added using the same strategy. A SEM image of the SL is
given in figure 11.2. The lattice spacing of the SiO2-PMMA lattice was measured
to be 143 nm, with a thickness of the SiO4 layer being 74 nm and a PMMA layer
thickness of 69 nm. The upper SL built up from BaTiO3 and PMMA exhibits a
lattice spacing from 134 nm, withe the same PMMA layer thickness as the lower SL
and a thickness of the BaTiO3 layer of 65 nm.

Cross-sectional SEM images of the tandem SL.

Refractive indices and layer thickness (x values used in the theoretical calculation).

refractive index layer thickness layer thickness*

PMMA 1.49 69 nm 79 nm*
Si09 1.46 74 nm 72 nm*
BaTiO3 1.58 65 nm 74 nm*

Optical Properties

The optical properties of the tandem SL were investigated by measuring the
absorption (red line) and transmission (blue line) of the SL. The results are presented
in figure 11.3 and two significant absorption maxima were identified at central
wavelength of 467 nm and 527 nm. It should be noted that the transmission
spectrum is more or less the inverse absorption spectrum and that the single layers

do not show any absorption, therefore, the absorption measured here has its origin
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in the band gap of the SL. It is known, that the photonic band gap (PtBG) of a
single Si02-PMMA SL is expected at wavelength around 400 nm, while the PtBG of
the BaTiO3-PMMA SL is expected at about 400-500 nm (cp. chapter 10. It is not
surprising, that two absorption maxima are found within that region. In comparison

to the expected band gap wavelengths, the two maxima found at 467 nm and 527 nm

might correspond to the SiO2-PMMA and the BaTiO3-PMMA sub-SL respectively.
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Experimental UV /Vis absorption (red line) and transmission (blue line) spectra
and simulated transmission spectrum (black line) of the tandem SL.

The simulated the UV-Vis transmission spectrum, black line in figure 11.3 reflects
the experimental data well. The parameters used for the calculation are given in
table 11.1, it has to be mentioned that the used layer thicknesses are slightly different
but the order lies within the values of the accuracy of measurement error. The
refractive indices of 1.5 for the PMMA and 1.46 for the SiOs were used before.[16:79]
The refractive index for the BaTiO3 layers with 1.58 seems very low but in chapter
10 an explanation for this low refractive index can be found. Evaluation of the
theoretical data explain that the two transmission minima are the band gap caused
be the tandem SL and the dip in the PtBG at 493.56 nm is an allowed mode within
the PtBG. The spatial localization of this mode (square modulus of the electric field
versus the space position see figure 11.4 black line), shows that it is propagating
inside the SiO9-PMMA sub-SL, and vanishes inside the BaTiO3-PMMA sub-SL.

For a further interpretation of the BG the transmission spectra of the two sub-SLs
were calculated with 20 repeating units to obtain a better quality of the spectra.
The transmission spectra and the dispersion curves of the two sub-SLs are given in
figure 11.5, it shows that the BaTiO3-PMMA sub-SL causes a larger gap because of
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the lager refractive index mismatch between PMMA and BaTiO3 in comparison to
the PMMA SiOs refractive index difference.

It can be concluded that the optical band gap found in the (SiO2-PMMA )5-SiOo-
(BaTiO3-PMMA )5 tandem SL is caused by an addition of the two sub-SLs.

Electric field
A = 493.56

Fig. 11.4: Cross-sectional SEM images of the tandem SL with the spatial localization of
the mode at 493.56 nm (black line).
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Fig. 11.5: Calculated transmission spectra and below the corresponding dispersion curves

of the two sub-SLs (blue line: SiO2-PMMA sub-SL; red line: BaTiO3-PMMA sub-SL; N=20
repeating units).
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11.2.2 Acoustic Properties
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Phonon dispersion relation of the tandem SL, the black line indicates the
dispersion relation of an infinite SL with average properties over all inorganic layers. The
black squares and the red dots are the measured values from the BLS spectrum, whereas
the peaks with higher intensity (black squares) and lower intensity (red dots) are being
distinguished.

The phononic properties were investigated as well and the collected BLS spectra
are given in figure 11.7 in the experimental details section. The calculated phonon
dispersion relation for an infinite SL with average properties (indicated in the
figure black line) and the measured dispersion relation are shown in figure 11.6.
Without a simulation of the phonon dispersion relation an exact conclusion about
the origin of the measured modes is difficult to do. In q)|, the measured BLS spectra
displays a doublet. The dispersion relation of each peak is linear, corresponding to
a homogeneous medium of effective sound velocity 3000 m/s and 2300 m/s. The
former can be identified with the average sound velocity of a PMMA and SiOs blend,
with a composition of nanoparticles greater than 50%; this is possible due to the
infiltration of PMMA in the SiO2 nanoparticle layer during the fabrication process.
The latter (2300 m/s) can be identified to the average sound velocity of a PMMA
with BaTiO3 dispersed nanoparticles; experimental results have reported about the
decreased sound velocity of BaTiO3-PMMA blend, respect to the PMMA value
(2800 m/s).

Probing with the wave vector ¢ along the periodicity axis, the tandem SL seems
to display a phononic band gap with central frequency about 11 GHz. By examining
the BLS spectra, one can see a very intense high frequency phonon, and a weak low
frequency phonon. The former could be linked to the BaTiOg sub-SL, due to the
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very strong signal (as well in the g-par spectra), and the latter to the phonon in the
SiO2 sub-SL. The absence of the high frequency phonon in the SiOy sub-SL could
be explain by 1) the short periodicity (only 5 periods) makes the phononic signals
to be weak, or 2) the overlapping with the strong phonon in the BaTiO3 sub-SL.
To confirm the assumption of a phononic gap, theoretical simulations must be

performed in order to identify the probed modes.

Summary

Within this chapter the fabrication and characterization of a tandem SL build
up from a SiOo-PMMA and a BaTiO3-PMMA SL was presented. Two absorption
maxima at 467 and 527 nm were experimentally found and in theoretical calculations
of the transmission spectrum the optical band gap with an allowed mode of a
wavelength of about 500 nm was identified. The phononic behaviour of the SL was
investigated as well, but could not be justified by theoretical calculations up to now.
Meaning the dispersion relation presented here is only a preliminary result and a

further characterization of the tandem SL is in process.

Chapter 11



11.4 Experimental Details
We fabricate these superlattices analog to the AB-type lattices as described in
chapter 7. The PMMA solution had a concentration of 2.5 wt% in toluene and the
Si04 nanoparticle solution had a concentration of 33.5 g/L and BaTiO3 20 g/L Spin
coating parameters: speed: 5000 rpm, time: 20 s, acceleration: 5000 rpm/s, heat

treatment: 100 °C 15 min.
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Perpendicular (a) and parallel (b) BLS spectra of the tandem SL.
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12.1

Superlattices with an (ABAC),
Periodicity

Introduction

The SL presented in this chapter is constructed from three different building blocks
and shows higher-order periodicity. The (AB),-type SL discussed in the previous
chapters can be understood as crystal lattices form two ions, like for example calcite
(CaCOg3). When taking a closer look at the calcite crystal structure along the c-axis,
a layered structure can be identified. In one plane the carbonate groups are located
(layer A) and in the second plane corner-linked calcium octahedra can be found
(layer B). In a calcite crystal these two layers are repeated multiple times, similar to
the multilayers in the SLs, just on a different length scale.

By going from calcite to dolomite (CaMg(COs3)z) the crystal lattice changes from
an (AB),-type to an (ABAC),-type, with A being carbonate groups, B being calcium
ions and C being magnesium ions. Transferring the dolomite periodicity onto our
polymer-nanoparticle SLs, results in the SL shown in figure 12.1.

In the previous chapters four materials were optimized as layer materials, namely
PMMA, and SiOs, TiO2 and BaTiO3 nanoparticles. By using these four different
materials, and taking into account, that PMMA is the only soft material to achieve
a contrast of the elastic moduli, three different SLs with a (ABAC), periodicity can
be easily prepared, with A being PMMA and B and C being SiO3, TiO2 or BaTiO3

nanoparticles.

Systematic image of an (ABAC), superlattice (purple: PMMA, blue and yellow:
inorganic nanoparticles).

Unlike the tandem SL these SLs are not just a combination of two SLs. Here, in
each SL three different layer materials are combined and three new higher ordered
SLs are fabricated.
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Results and Discussion
Below the morphology and optical properties of three different (ABAC), super-

lattices are discussed. The SLs are built up from PMMA as a soft, low refractive
index material and SiOg, TiO9 and BaTiOg nanoparticles as hard, high refractive
index materials. The SLs were fabricated following the same spin coating and heat
treatment methods as described in chapter 7. All three (ABAC)n SLs have five
repeating units (n=>5), build from ten PMMA and twice five inorganic nanoparticle
layers. In this chapter SL will be named as follows:

SL I: A: PMMA, B: SiOg, C: TiOa,

SL II: A: PMMA, B: SiO, C: BaTiO3 and

SL ITI: A: PMMA, B: TiO9, C: BaTiOs.

Cross-sectional SEM images of the SLs are shown in figure 12.2. On the left side,
a high magnification image shows the detailed structure of the layers and the lower
magnification images on the right side confirms that all layers are homogenous over
a large area. The SEM images show, that all SL are build from 20 layers starting
from bottom to top with a PMMA layer (black in the SEM image) and ending with
an inorganic nanoparticle layer. Further the SEM image allows to recognize a small
contrast difference between the two different nanoparticle layers. Especially in the
SEM image of SL I the TiO layers are a little brighter than the SiOq layers. This is
caused by the higher contrast of TiO2 in comparison to the SiO2, due to the higher
electron density.

The lattice parameters for the three SLs are given in table 12.1. Interesting is that
even though the same nanoparticle solutions was used, the layer thicknesses seem to
differ slightly. However, the variation of the thickness is within the measurement
error. For the PMMA the variation of the layer thickness is more significant and
can not be explained only by an experimental error. As mentioned in chapter 7 the
layer thickness is influenced by different factors and the fabrication outcome can
differ from day to day, since a slower start of the spin coater after the deposition of
the solution leads to a thicker layer. This could have caused the large differences
within the PMMA layer thicknesses in SL II and SL III.

Lattice parameter for SL I-TIT and the refractive indices of the layer material,
the values in brackets are being used for the calculation.

SL I SLII  SLIII refractive index
PMMA 53 (65) nm 36 nm 74nm 1.5
SiO2 63 (73) nm 53 nm 1.46
TiOq 58 (68) nm 56 nm 1.85
BaTiO3 54nm H2nm 1.6

For optical characterisation of the SLs UV /Vis absorption and transmission spectra
were recorded. The resulting UV /Vis spectra and photographs of the SLs are shown

in figure 12.3. The SLs have a yellow colour when observed from a top view but when
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Fig. 12.2: Cross-sectional SEM images of the three (ABAC), SLs with SL I consisting of A:

PMMA, B: SiO,, C: TiOs, SL IT of A: PMMA, B: SiO,, C: BaTiO3 and SL IIT is built uo
from A: PMMA, B: TiO., C: BaTiOs3.

12.2 Results and Discussion
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the SLs are slightly tilted they appear blue. This behaviour is typical for photonic
crystals. The UV /Vis absorption spectrum of SL I shows two strong maxima at
438 nm and 835 nm, while SL II shows only one strong absorption maximum and
567 nm and SL IIT one at 457 nm.
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UV /Vis absorption and transmission spectra of a) SLI, b) SLII, c¢) SLIIIL. d)
Photos of SL IT (left) and III (right) in the upper photos the SL appears yellow, while if the
SL is slightly tilted, as shown in the lower image the SL appears blue.

As mentioned above SL I shows two strong absorption maxima which are expected
to have their origin in the strong refractive index mismatch between PMMA and
TiO9 on the one hand and SiO, and TiOs on the other hand.

It is known, that PMMA-TiOs SLs exhibits an optical band gap at 315 - 360 nm.[™!
The red shift, in comparison to previous results, is caused by the higher lattice
constant. To understand the origin of the second band gap with a central frequency
of 835 nm theoretical calculations need to be done. One could expect that the
SiO, - TiO9 SL is responsible for the second band gap.[!?

To confirm the origin of the resulting band gaps the optical reflection and absorp-
tion spectra of the SL I was calculated by El-Houssaine El Boudouti and coworkers
using a numerical approach. The results are given in figure 12.4 (doted lines) and
show a very good agreement between the calculation and the experimental data
(continuous lines).

Especially if the repeating units are raised from five, as fabricated in the experiment,
to 20 the shoulders within the calculated spectrum disappear while the position

of the band gap stays close wavelengths found experimentally (see figure 12.5 a)
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and b)). The calculation of the dispersion relations of the single PMMA-SiOs,
PMMA-TiO5 and SiO2-TiO5 sub-SLs show, that all sub-SLs exhibits a band gap in
the region around 450 nm (figure 12.5 ¢). Against the expectations, the band gap
around 850 nm does not stem from a sub-SL, but seems to be a characteristic of the
(ABAC), SL.

In contrast to SL I, SL II shows only one transmission minimum at a central
wavelength of 567 nm. It is expected that this relatively broad transmission minimum
has its origin in the refractive index mismatch within the PMMA-BaTiOg3 sub-SL
and, at the same time, in the refractive index difference in the SiO5-BaTiOg sub-SL.
Both refractive index differences are in the same region, making the two band gaps
overlap, resulting in one broad band gap. The absence of a second band gap could
be cause due to the difference between the refractive indices of SiOy and BaTiOg is
not strong enough to pronounce the ABAC periodicity, therefore this SL behaves
like a (AB), periodic SL. This hypothesis should be confirmed by calculations.

SL IIT shows a similar optical behaviour to SL I. Two band gaps can be identified,
one at 457 nm, most probably caused by the PMMA-TiOs, PMMA-BaTiO3 and
the TiO2-BaTiO3 sub-SLs and one at 965 nm most probably caused by the ABAC
periodicity. This assumption needs to be clarified by a theoretical calculation of
the dispersion relation of the SL and the sub-SLs. The reason why the band gaps
where BaTiOg contributes to the optical contrast are not as intense as for SiOs or
TiOs lies in the nature of the BaTiO3 layer. Due to this layer is more porous and
irregular than the other nanoparticle layers, and it is well known, that this kind of

inhomogeneity causes losses in the intensity of the band gap.
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12.4

Summary

The fabrication of (ABAC),, SLs was successfully demonstrated and the optical
properties were investigated. They show one or two band gaps, depending on the
optical contrast between the building blocks of the SLs. The phononic behaviour was
not yet characterized since the BLS technique for the measurements of the phonon
propagation can only monitor phonons up to 50 GHz. Here, due to the different
periodicity and the resulting high lattice constant phonons in a higher frequency

(156] could be a suitable

range need to be measured as well. A pump probe technique

method for the characterization of the phononic properties of the (ABAC), SLs.
Further, in first calculations the optical band structure was simulated and showed

a good fit with the experimental data. The calculations of the two other SLs is in

process.

Experimental Details

These superlattices were fabricated analog to the AB-type lattices as described
in chapter 7. The PMMA solution had a concentration of 2.5 wt% in toluene and
the SiO2 nanoparticle solution had a concentration of 33.5 g/L and the TiOy and

BaTiO3 nanoparticle solutions had a concentration of 65 g/L and 20 g/L respectively.

Spin coating parameters were: speed: 5000 rpm, time: 20 s, acceleration: 5000
rpm/s, heat treatment: 100 °C 15 min.
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13.1

Superlattice with a ¢SiO, Defect
Layer

Introduction
In this chapter the incorporation of colloidal SiO2 (cSiO2) into a PMMA-SiO»

superlattice (SL) is investigated. A schematic image of the desired SL is given in
figure13.1, a layer of ¢SiO9 with an average size of 218 nm is added as a defect layer
in the centre of the PMMA-SiOy SL. This geometry is interesting because cSiO9
show acoustic eigenvibrations (f~1/d, d=diameter of the particles) in the gigahertz
frequency range.” The acoustic eigenmodes of the cSiOy particles might interact
the phononic band of the SL.

Schematic sketch of the SL with a ¢SiO9 defect layer.

On top of the interesting phonons propagation in such a SL, the experimental
challenges for spin coating are demanding. The incorporation of bigger sized
particles is difficult, because their spin coating behaviour differs in comparison to
small nanoparticles. Particles with a size above 100 nm are heavy and do not easily
stick on the surface. Further, the void space within a layer of c¢SiOs particles is
tremendous higher than the void space in 10 nm sized particles. Indeed, the void
space is bigger than the smaller particles and therefore the infiltration of polymer or
nanoparticles is expected, and that could effect the homogeneity of the top layers
strongly. Therefore a spin coating strategy for cSiO2 needs to be developed and a
fitting void-filling material for the ¢SiO4 layer needs to be investigated.
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Results and Discussion
Fabrication of the SL

¢Si0Oq particles were synthesized following the synthesis strategy of Stoeber et
al.1%8] First tetramethyl orthosilicate was hydrolysed in a mixture of ammonium
hydroxide and ethanol, then the mixture was stirred at room temperature. A TEM
image of the resulting ¢SiO2 particles is presented in figure 13.2, the particles show
an average size of 218 nm, which is a fitting size with a sufficient size distribution

for the inccoperation as a defect layer in SLs.

TEM image of ¢SiO9 particles.

For spin coating the coloidal particles, they were dissolved in a 14 % ammonium
hydroxide solution. To optimise the spin coating conditions for the ¢SiO; layer,
SLs built from just 4 bilayers were prepared starting with the following stacking
order: PMMA-SiOs BL, PMMA-cSiOs and on top two PMMA-SiOy BLs. In a first
experiment the pure cSiO2 particles were spin coated into the SL, the results of this
experiment is shown in figure 13.3.

The ¢SiO9 particles are aggregated in some parts of the sample and build huge
satellites, in other parts of the SL no ¢SiOs particles can be seen. The two PMMA
and SiO2 layers on top of the cSiOq9 layer are difficult to identify, it looks like the
layers diffused into the underlying layer, only the top SiOs is well defined.

To suppress the agglomeration of cSiO4 particles and at the same time suppress
the diffusion of the top layers into the void space of the ¢SiO4 layer different additives
were tested.

The first additive chosen was PMMA. Adding different amounts of PMMA into
the ¢SiO2 solution makes it more viscose, so the particles can not aggregate and the
PMMA could fill the void space at the same time. The spin coated SLs with different
¢Si0y to PMMA weight ratios are shown in figure 13.4. When using a 1:1 ratio of
PMMA:cSiO2 (figure 13.4a) the cSiOg particles are distributed much better in the
layer than the pure cSiOs. But still the top layers are effected by the cSiOs particles

and show a non-homogeous coverage of the underlying layer because the big c¢SiOq
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Cross-sectional SEM image of a 3 BL PMMA-SiOs SL with a ¢SiOs defect layer.

particles tower into the top layers. When adding twice as much PMMA to the ¢SiOq
solution, the amount of the PMMA is so high, that the ¢SiO4 particles disappear
within the polymer layer. When reducing the amount of PMMA to a ¢SiO2:PMMA
ratio of 2:1 the results are similar to the 1:1 PMMA:cSiOs ratio. This results lead
us the the conclusion that PMMA as an additive helps to improve the quality of
¢SiOq layer a little, but the targeted quality of the SL could not be achieved.

The second approach to improve the quality of the SL was, adding Ludox SiO2
particles to the ¢SiO9 solution and at the same time to increase the concentration
of the ¢SiO9 particles from 28 mg/mL to 50 mg/mL. Unlike PMMA, the solubility
of Ludox particles is identical to the solubility of ¢SiOg, which makes it easy to mix
the two particles. Furthermore, the small SiOs particles fill the void space between
the huge ¢SiO4 particles equally good. In figure 13.5 the SEM images of resulting
SLs with different ¢Si02:Si04 ratios are presented.

The SEM image of the SL with a ¢SiO2:SiO9 weight ratio of 1:1 is given in figure
13.5a. In the defect layer mainly SiOg particles can be seen, this means that the
¢Si04 solution contains a too big amount of SiO2, while the concentration of ¢SiOs,
with 50 g/L, is too small. By reducing the concentration of the SiOs particles
down to half, the results look still similar (figurel3.5b). In the next experiment the
concentration of the ¢SiO9 particles was doubled, and at the same time the relative
amount of SiOy particles was tremendously decreased to a ¢Si0O9:SiO9 ratio as high
as 16:1. This yield in a continuous alignment of ¢SiOs particles into a layer, while
the SiO9 particles filled the void space well, so that the top layers were not damaged
by the big ¢SiO9 particles (figurel3.5¢). If the relative amount of ¢SiOy particles
is further increased to 37:1, the cSiOq layers stay homogenous even so at the same
time the absolute amount of ¢SiO2 particles was reduced to 37 g/L (figurel3.5d).
The reduction of the concentration of the cSiOs particles is useful because it allows

us to save material and still get equally good SLs. Thats why for the fabrication
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Fig. 13.4: Cross-sectional SEM images of PMMA-SiOy-PMMA-cSiO2-(PMMA-SiOs), SLs
with different amounts of PMMA added to the cSiO; layer. a) ¢SiO2:PMMA ratio 1:1, b)
cSiO2:PMMA ratio 1:2, ¢) ¢SiO2:PMMA ratio 2:1.

Fig. 13.5: Cross-sectional SEM images of PMMA-SiOo-PMMA-cSiO2-(PMMA-SiO3)s SLs
with different ¢Si04:Si05 weight ratios in the ¢SiOj3 layer, a) ¢SiO9:Ludox 1:1, b) ¢SiO5:Ludox
2:1, ¢) ¢SiO2:Ludox 16:1, d) ¢SiO9:Ludox 37:1.
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13.2.2

of a 10 BL SL a ¢SiO4 concentration of 37 g/L and a ¢Si02:SiO9 ratio of 37:1 was
chosen.

The SL shown in figure 13.6 was prepared by using this optimized spin coating
parameters. With this condition it is possible to incorporate the huge colloidal SiOq
particles into a hybrid polymer-nanoparticle SL without disturbing the delicate layer

structure.

Fig. 13.6: Cross-sectional SEM images of (PMMA-SiO3)4-PMMA-cSiOo-(PMMA-SiOs),4
SL with a ¢Si05:SiO5 ratios of 37:1 in the defect layer.

The lattice parameter a of this SL is 137 nm with a PMMA layer thickness of
67 nm and a thickness of 70 nm for the SiOq layer. The ¢SiO4 layer with 218 nm is

identical to the diameter of the particles.

Characterisation of the SL using BLS

The phononic properties were investigated using BLS spectroscopy. The resulting
phonon dispersion relation is given in figure 13.7 (the corresponding BLS spectra is
given in figure 13.8 in the experimental section). The squares show experimental
dispersion relation, while the black solid line gives the theoretical expected dispersion
relation of a infinite PMMA-SiO4 SL with a periodicity of 137 nm. The expected

phononic band gap could not be found, instead, a continuous propagation was found.

To fit the elastic anisotropy between the two orthogonal directions an effective
refractive index of 1.4 was estimated, this was done thought the dependence of qperp
(n) and the assumption of a linear dispersion relation in both directions parallel
and perpendicular to the substrate. This is low for a PMMA-SiOs SL and could be

justified by the assumption of air voids (porosity), that relax the effective medium n.

This is most likely the case, due to the huge cSiO2 particle layer could include air
into the SL and therefore reduce the effective refractive index to 1.4. The absence
of a phononic band gap means that the hole SL acts as a effective medium and
the periodicity of the SL seems not to influence the phonon propagation. A reason
for such a behaviour could be that by breaking the symmetry of the SL through
adding colloidal particles into the centre, the periodicity of the SL is not high enough

13.2 Results and Discussion
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Experimental dispersion relation (squares) acquired in plane (white area) and
out of plane (blue area). The effective refractive index used is n = 1.4. The dashed line is a
guide to the eye, and denotes the elastic anisotropy between the two orthogonal directions.
The solid line is the predicted dispersion diagram for a infinite PMMA-SiOs SL, of 137 nm
period.

to let the SL act as a periodic medium. An effect of the ¢SiO2 is not observed.
To detect the eigenmodes of the c¢SiO2 particles Still et al. used a larger amount
of ¢SiO9 particles as were induced within this SL, meaning the influence of the
¢Si0s particles is not detected because of its low concentration within this SL. A
longer accumulation time for the BLS or a higher relative concentration of cSiO»
particles could allow a detection of the eigenmodes of ¢SiO4 particles. And to observe
the SL acting as a periodic medium the periodicity of the PMMA-SiOy SL needs
to be increase. Maybe an influence of the ¢SiOy particles could be observed if a
multilayer of ¢SiO9 particles is incorporated within a 20 BL SL of PMMA-SiOa,
because a 10 BL SL is known to act as a phononic crystal.[16] Further, the pump
probe techniquel'®®l seems to be promising for detecting eigenmodes of the colloidal
layer, since the amplitude of the pumped modes would be much larger in comparison
with the thermal phonons probed by BLS.

Summary and Outlook

The incorporation of colloidal silica particles into a SL was achieved by adding a
defined amount SiO9 nanoparticles as void filling materials into the colloidal particle
mixture. Using this approach a homogenous layer of colloidal particles was spin
coated in the middle of a PMMA-SiOs SL. It was not possible to monitor a coupling
between the phonon propagation within the SL and the phonon eigenmodes of the
colloidal particles. This could have different reasons. One possible explanation could
be that the amount of colloidal particles was not sufficient and another explanation
could be that the frequency range covered by BLS is not sufficient for the detection

of the phonons here.
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13.4
13.4.1

13.4.2

Experimental Details

Synthesis of Colloidal Silica Particles

In a typical synthesis 3 mL of tetramethyl orthosilicate was added drop wise to
a solution of 5 mL water, 1.5 mL 25% ammonium hydroxide solution and 35 mL
ethanol at room temperature. After stirring the solution for 10 min the transparent
solution turned into a turbid solution. After one hour the stirring was stopped and
a sample of the particles were collected for TEM imaging. A TEM sample was
prepared by diluting the reaction mixture with ethanol and giving two drops of
the diluted solution onto a carbon coated copper grid. The size was determined by

measuring 50 particles and turned out to be 218 nm in average.[1%8!

Fabrication of the 10 BL SL

Alternating layers of PMMA and SiOy were spin coated from solution onto a
2x2 cm sized soda-lime glass substrate. A 2.5 mg/mL PMMA Solution was prepared
by dissolving commercially purchased PMMA with a molecular of 35.000 g/mol
in toluene. A 33.5 mg/mL concentrated silica particle solution was prepared by
mixing 1000 uL 10 wt% SDS, 90.71 mL 14% ammonium hydroxide solution and
9.29 mLL Ludox solution in a glass flask and stirring the solution for 2 h. Before spin
coating, the silica solution was filtrated with a 0.45 um syringe filter and the PMMA
solution with a 0.2 um syringe filter. The colloidal silica particles were synthesized as
described above. And for spin coating the 10BL SL 112 mg of the colloidal particles
were dissolved in 3 mL 14% ammonium hydroxide and 10 uL of Ludox and 30 uL of
10 wt% SDS solution in water were added to the solution. For the ¢SiOy solution
containing different amounts of PMMA or Ludox the preparation protocol for the
spin coating solutions are given in table 13.1.

Spin coating was carried out by spreading 400 puL of the PMMA solution (500 pL
of the SiOg solution) onto the glass substrate and then the spin coater was started
with an acceleration of 500 rpm/sec to as speed of 5000 rpm for 20 sec. After each
spin coated step, the sample was heated to 100 °C for 15 min to make sure that all
solvent is removed from the sample. The colloidal silica was spin coated in the same
fashion, but at lower acceleration of 1000 rpm/sec and at a speed of 1000 rpm.

For the optimization of the amounts of PMMA or Ludox in the ¢SiOs solutions the
same spin coating conditions and the same PMMA and SiO3 solutions as described

above were used and the ¢SiO9 solutions were prepared as described in table 13.1.
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Tab. 13.1: Preparation protocol of the different ¢SiO4 solutions (*ethanol and 16.6 vol%
acetone; T 14 vol% NHj3 and additional 10puL 10 wt% SDS solution).

Sample cSiOy [mg] PMMA [mg] Ludox [pL] Solvent [mL]
cSi02:PMMA 1:1 28 28 - 1*
cSiO92:PMMA 1:2 28 56 - 1*
cSi02:PMMA 2:1 28 14 - 1*
¢Si042:5104 1:1 50 - 167 0.833*
¢S102:5i09 2:1 50 - 83 0.917"
¢Si042:5104 16:1 100 - 20.8 0.979"
¢S102:5i04 37:1 37 - 3.3 0.997 *
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Fig. 13.8: BLS spectra acquired in plane (a) and out of plane (b).
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14.1

Responsive Layers

Introduction

The idea to incorporate responsive layers in a super lattice opens up promising
applications of SL as sensors. In the field of polymeric photonic crystals (PtC), it
has been shown already that the colour of the PtC can be changed by water!® or

[159] " Kang and coworkers showed, that a block copolymer of polystyrene

ionic liquid
(PS) and poly(2-vinyl pyridine) (P2VP) self-assembles into a lamellar structured
PtC. After quaternization and cross-linking of the P2VP layer with 1-bromoethane
and 1,4-dibromobutane, the colour of the PtC could be changed by swelling the PtC
in water. This change of band gap was reversible due to the fact that water could
be withdrawn by adding ammonium chloride to the solution. The degree of swelling

has been reported to be controlled by the ratio of cross-linking to quaternization of

the P2VP layer. The less the sample was cross-linked, the stronger was the swelling.

They reported a shift of the central band gap wavelength from 364 nm up to 1627 nm
through the swelling of the PtC with water.[l

A wavelength shift of the photonic band gap without cross-linking or quaternization
of the P2VP block could be realised using ionic liquid (imidazole and imidazolium

bis(trifluoromethanesulfonyl)imide)) as a swelling reagent. Like water in the work

of Kang et al., the ionic liquid diffuses into the P2VP block, which, therefore, swells.

This process in non-reversible but the swollen films are stable fore more than 100
days due to the non-volatility of the ionic liquid.[5

Thus our aim is to transfer the feature of in situ tunability of purely polymeric
PtC to the hybrid SLs by using P2VP as a soft, low refractive index building block

and as before, inorganic nanoparticles as hard, high refractive index building blocks.
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14.2 Preliminary Experiments

14.2.1 Polymer Synthesis

The P2VP was synthesised using RAFT (reversible addition-fragmentation chain-
transfer) polymerisation. We choose RAFT polymerisation, because it is a controlled
radical polymerisation and yields polymers with a relatively low PDI (polydispersity
index).[16o] The mechanism of RAFT polymerisation is shown in figure 14.1, the
RAFT equilibrium is the essential step for yielding to a narrow PDI. By reversible
addition and fragmentation of the sulphur-containing chain-transfer agent (CTA)

the polymerisation slows down leading to a narrow molecular weight distribution.

Initiator 21 Pq - (Initiation)
Pie + nM Pisn - (Propagation)

S S/P1+n S/F’1+n
Pien « + R‘SJ\Z R*sj\z )} S)\Z + R (RAFT pre-equilibrium)
R nMm Pisn -« (re-initiation)

-Pm P

S g m

P1n + R S
S%Z P1+n\S/J\Z — P1+n‘SJ\Z + Pp'  (RAFT equilibrium)

Pion = *+ Pm" ————— Pl —Pn

(Termination)

Pien+ + Pp° . P+ Pm

Scheme of the reaction mechanism of the RAFT polymerisation.

For the polymerisation of 2-vinylpydrine, a benyl dithiobenzoate was used as
CTA, AIBN as initiator and DMF as solvent. At a reaction temperature of 80 °C,
the polymerisation was complete after 48 h (detailed reaction parameters are given
below).

A S
AN AIBN, CTA, DMF @s )
|
= 80 °C, 48 h Z >N

CTA: Benzyl dithiobenzoate
S

0

Reaction scheme of P2VP synthesis.
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For determination of molecular weight the conversion of the monomer using NMR
spectroscopy. In the case of 2VP a conversion of 56.5 % was found after 48 h, which

corresponds to a molecular weight of 20.7 kg/mol (NMR spectrum see figure 14.3).
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NMR spectrum of the 2VP polymerisation reaction mixture after quenching the
reaction to calculate the molecular weight.

To analyse the weight distribution of polymer Gel permeation chromatography
(GPC) was conducted. The GPC results of the synthesized P2VP are shown in
figure 14.4, showing a PDI of 1.20 for the polymer. This PDI is a good PDI for the
use of P2VP as building block for the SLs.

T T T T

16 18 20 22
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GPC Elugramm of P2VP.
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Spin Coating

For the spin coating of P2VP, different solvents were invested. The challenge was
to find a solvent polar enough to dissolve P2VP but not too polar to dissolve the
underlying nanoparticle layer. A well known good solvent for P2VP is THF, but spin
coating of a layer P2VP in THF on a nanoparticle layer did not give a homogeneous
layer. Toluene, which is known to be a good solvent for spin coating PMMA was not
able to dissolve P2VP. The best result were obtained by using toluene as a solvent
and add small amounts of THF for complete dissolution of the polymer. From this
solvent mixture it was possible to spin coat well defined SL with a layer thickness of
52 nm and 58 nm for the P2VP and the TiO9 layer respectively (see figure 14.5a).

Fig. 14.5: a) Cross-sectional SEM image of a three-layered P2VP-TiO4 superlattice. b)
Cross-sectional SEM image of the same SL after quaternization.

Swelling

After the successful spin coating of the polymer into SLs, the next step was
to quaternize and cross-link the amine groups in P2VP and invest the swelling
behaviour of the SL. Here, the challenge was to swell the P2VP layer with water
vapour, but at the same time, the P2VP layer needed to stay stable in the SL.

For quaternization and cross-linking of the P2VP layer, first, a drop casted P2VP
film was quaternized by storing the film in a solution of 1,4-bromobutane and
bromoethane in hexane for 48 h at 45 °C. To prove the successful reaction, a IR
spectrum of a drop casted film of P2VP and a 70 % quaternized and 30 % cross-linked
P2VP film was measured (see figure 14.6). The shift of the band at 1670 cm™ to

1639 cm™! proves that the reaction was successful.

The next step was the quaternization and cross-linking of the P2VP layer in a SL.
The same procedure as for the drop casted film was conducted. A cross-sectional
SEM image of a three-layered SL before (a) and after the quaternization/cross-linking
(b) is shown in figure 14.5. It can be clearly seen that the SL is stable during the
treatment in hexane. Even after keeping the SL in hexane for 48 h at 45 °C the
lattice spacing stays the same (before: P2VP: 52 nm and TiOg: 58 nm after: P2VP:
54 nm and TiOg: 58 nm).
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IR spectra of the P2VP (black line) and the 70 % quaternized and 30 %
cross-linked P2VP (red line) films.

To confirm the swelling behaviour of the synthesised P2VP in water vapour

polymer films with a thickness of around 100 nm were spin coated onto a Si-wafer.

The exact thickness of these films was measured using a filmetrics instrument (F20).

This device measures the spectral reflectance of the films in comparison to the
substrate to determine the film thickness. The thickness of individual P2VP films
was measured as well as the thickness of a 70 % quaternized and 30 % cross-linked
P2VP film before and after vapour annealing with ethanol and water. The results
are given in table 14.1. The results show that the P2VP film does not significantly
swell after the deposition of water vapour but swells when annealed in ethanol
vapour.

After 20 h of ethanol vapour annealing, the P2VP film starts to disintegrate and
an inhomogeneous film remains on the substrate. In case of the 70 % quaternized
and 30 % cross-linked P2VP film, no significant swelling after the ethanol vapour
annealing can be observed. In contrast to that, the vapour annealing for 2 h with
water vapour results in a swelling of the film by 29 nm. The film did not swell

further even after being stored for 20 h in water vapour.
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Results of the filmetrics measurements after vapour annealing.

Film Thickness Atmosphere Time Thickness

P2VP - - 103 nm
water 2h 107 nm
20h 105 nm
- - 100 nm
ethanol 2h 127 nm
20h 88 nm
qP2VP - - 105 nm
water 2h 134 nm
20h 134 nm
- - 122 nm
ethanol 2 h 127 nm
20h 129 nm
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14.3 Summary and Outlook

First experiments on P2VP-containing SLs to build a responsive SL were success-
fully conducted. It could be demonstrated, that films from synthesized P2VP can
be swollen in water vapour. Furthermore it was possible to spin coat SL from P2VP
and nanoparticles. While Kang et al. swelled the PtC by depositing them directly
into water, here, it was possible to swell the films by a vapour annealing step. This
was an important improvement to us, because the used nanoparticles used to build
up the SLs are dissolvable in water and therefore the SLs are not stable in water.

Moreover, it was possible to build up P2VP-containing SLs and a post fabrication
modification of the P2VP layer in the SL was successfully preformed. It is possible
to carry out a quaternization or cross-linking of the amine group of the P2VP within
the SL.

In future experiments, it is needed to test wether the SL is stable in water vapour
and wether the photonic and phononic band gap can be shifted by swelling the
P2VP layers. One problem, which could arise is that usually the nanoparticle layers
are spin coated from water solutions and that this layer might suffer from damage
by being exposed to water vapour. It will be crucial to control the moisture for the
swelling process very precisely for getting a ideal swelling and keeping the SLs stable
at the same time.

Furthermore, the swelling of the P2VP layers in a full SL has to be confirmed.
This could be done, by measuring the UV /Vis reflection spectrum of the SL, while
exposing it to water vapour. The photonic band gap of the SL is the reflection
minimum. If a successful swelling takes place, a bathochromic shift of the photonic
band gap is expected to take place.

In addition, an interesting experiment for the future could be to swell the P2VP
layer with ionic liquids. This would open the possibility to observe the swelling
behaviour of the polymeric layer under the SEM. In that case, it is easier to control
wether the SLs are stable or suffer from damage by the solvent. Because the swelling
with IL is a non-reversible process, it is less interesting that the swelling with water
vapour. Nevertheless, there are some questions remaining that need to be answered
before it is possible to reversible swell inorganic organic hybrid SL and therefore

build up responsive SLs.

14.3 111



14.4
14.4.1

14.4.2

14.4.3

112

Experimental Details
Polymer synthesis.

Polymer synthesis

Chemicals Mw [g/mol] m [mg] n [mmol] eq. volume
2VP 105.14 5040 47.94 350 5.17 mL
benzyl dithiobenzoate 244.38 39.6 0.137 1 39.6 pL
AIBN 164.21 2.4 0.0146 0.1

DMF 73.09 5 mL

Before starting the polymerisation AIBN was recrystallised from diethyl ether
and the monomer was purified using a cryogenic distillation. For the polymerisation
the monomer, the CTA, AIBN and DMF were quickly filled into a schlenk tube and
freeze pumped three times. Then vacuum was kept on the schlenk tube and the
reaction mixture was transferred into a 80 °C preheated oil bath. After 48 h the
schlenk tube was quickly cooled down to room temperature by quenching the tube
under water. From the reaction mixture a sample for NMR measurement was taken.
After 5 mL of DMF was added to the reaction mixture, it was added trop wise into
a mixture of hexane and to precipitate the polymer. Afterwards the polymer was
collected by filtration and dried in vacuum for two days. The purity of the polymer
was confirmed by NMR spectroscopy.

Spin Coating

A 2.2 wt % solution of P2VP in a mixture of toluene and THF (1 mL of toluene
1 drop of THF) was prepared. And the TiO2 nanoparticles (synthesis see chapter
TiO2) had a concentration of 60 g/L in 14% NHj. The same spin coating parameters
as usual were used: speed: 5000 rpm, acceleration: 5000 rpm/s, time: 20 s. After
each layer the SL was heated to 100 °C for 15 min.

Quaternization and Cross-Linking

Quaternization and cross-linking.

Chemicals Mw [g/mol] m [mg] n [mmol] eq. V [ul]
1,4 dibromo butane 215.93 45.2 0.21 0.42 25
bromoethane 108.97 109.5 1.00 1 75
hexane 86.18 900

In a glass char 900 uL of hexane was mixed with 25 uL of 1,4 dibromobutane and
75 uL of bromoethane. The substrate with the polymer film or the SL was put into
the glass char and heated to 45 °C for 48 h. Afterwards the substrate was removed

from the reaction mixture and dried in the hood for 30 min.
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Summary

The aim of this thesis was to develop and optimize the synthesis of titania and barium
titanate nanoparticles to allow control over the morphology of the nano-material
and optimize their properties for future applications.

First, the successful synthesis of cubic anatase nanoparticles, which can assemble
into mesocrystals, was presented. This enables the fabrication of films with a very
high density compared to spheres due to the reduction of void space within the film.
Therefore, these cubes are promising candidates as high density layer materials in
phononic crystals.

Further, building blocks from barium titanate were synthesised. The influence of
oleic acid addition during the synthesis on the solubility as well as the morphology
of the resulting particles was studied. It was possible to synthesize ferroelectric
barium titanate nanorods and preliminary experiments showed that they could be
oriented in an electric field.

Using these inorganic nanoparticles as building blocks, the fabrication and char-
acterization of new hybrid superlattices (SLs) was achieved. First, the fabrication
of homogenous inorganic and polymer layers was discussed, including a detailed
description of the characterization methods, followed by the presentation of six novel
SLs.

With the fabrication of the PMMA-TiOs SL, the first experimental realization of a
1D pho(X)onic crystal with a dual photonic and phononic band gap was accomplished.
This SL showed a photonic band gap in the wavelength region between 315 and
360 nm and at the same time the widest hypersonic phononic band gap reported so
far with a central frequency of 15 GHz.

Further, the geometry of the SL was changed by combining the layers presented
above into a tandem SL built up from a SiO-PMMA and a BaTiO3-PMMA SL with
a defect SiOg layer in between the two SLs. Interestingly, this tandem SL exhibits
an allowed mode within the photonic band gap. While the phononic behaviour is
not fully understood yet, it seems that the SiO2-PMMA sub-SL acts as a phononic
crystal, while the BaTiO3-PMMA sub-SL acts as effective medium.

A higher order of periodicity, was achieved by the fabrication of (ABAC),, ordered
SLs. They showed an interesting photonic behaviour, due to their double periodic
structure two band gaps at around 400-500 nm and around 850-1000 nm could be
observes.

A detailed description of how to incorporate colloidal SiOs particles into a PMMA-

SiOy SLs was given. The characterization of this SL using Brillouin light scattering
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showed, that the expected interaction between the eigenmodes of ¢SiOs particles and
the phonon propagation of the phononic PMMA-SiOs crystal could not be detected.

Finally, first experiments of the fabrication of a responsive SL were described.
The swelling behaviour of quaternized P2VP films was promising and the fabrication
conditions for three layered SLs was successfully established.

From the synthesis of inorganic building blocks to the fabrication of complex
superlattices this work presented to new insights into the behaviour of 1D pho(X)onic
crystals. These findings provide a deeper understanding of phononic materials on

their way towards applications like sensors or devices for thermal management.
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Outlook

With a new synthesis of TiO2 nanocubes and their assembly into an highly ordered
film an interesting building block for the formation of new TiO9 films was established.
Due to their functionalization with DHCA the nanoparticles are highly negatively
charged, this charge plays an important role in the assembly of the nanocubes.
The exact charge of a single nanocube is not known, but could be investigated by
for example titration of the acid function. Knowing the exact charge allows to
further control the interaction forces between the particles in the assembly. Using
nanoindentation, the Young’s modulus of the film could be determined to get a
better understanding of the properties of the film. Further, the nano-structured
film could be investigated using a small-angle scattering technique to determine the
degree of order within the film. And finally, the performance of the nanocubes in
solar cells could be in interesting topic, since the loss of excitons is known to be
caused by the relatively high void space in TiOs films from spherical TiOs particles
which causes an efficiency loss.

Furthermore, an optimization of the synthesis parameters could benefit the mor-
phology control of the BaTiO3 nanorods. A closer control of the size distribution
would help to regulate the behaviour of the nanorods within the electric field. The
Currie temperature of the nano-material needs to be determined to investigate the
behaviour of the nanorods above and below the Currie temperature in the electric
field. With such an experiment the origin of the orientation could be determinate
The next steps could be the functionalization of the nanorods with polymers and the
investigation of their performance as electro-responsive liquid crystals or switches.

The fabrication and characterization of hybrid superlattices built up from PMMA
and inorganic oxide nanoparticles opened several questions on the topic of composite
materials. Beside the nanoparticles composition, the surface molecules of the particles
as well as the nature of the interaction of these surface ligands, the fabrication
method and the resulting packing factor of the films influence the sound velocity of
films tremendously. A systematic study of the dependance of the sound velocity on
the packing factor would be a helpful tool to a facilitate characterisation of SL in
the future.

Another open questions remains regarding the SLs containing BaTiO3. The sound
velocity and the refractive index measured by Brillouin light scattering for the BaTiO3
layers is extremely low. To confirm the correctness of the BLS measurement the
BaTiOg films should be characterized using a different method for the determination
of the sound velocity and the refractive index, e.g. pump-probe spectroscopy. From

this technique the phononic characterization of the (ABAC), periodic SLs would
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benefit as well, because it covers a broader frequency range than the BLS technique
and therefore it could be a suitable technique for the detection of phonons within
this lattices.

Furthermore, first experiments on the swelling behaviour of P2VP are promising
and the further characterization of P2VP containing SLs could lead to interesting

applications of 1D phononic crystals as sensors.
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