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Abstract

Natural growth of light harvesting nanostructures from microal-
gae for bioinspired energy solutions

Light, the most widely available source of energy, enables the development of devices that are under
constant studying of optimization and improvement. Nowadays, due to the miniaturization of components,
nanoscale technologies are at an all-time high.

Photonic crystals, nanostructures characterized by defined periodic wavelength-scale patterns, e.g.
pore lattices filled with a different refractive index than that of the bulk material, have the ability to ma-
nipulate light at ease. This periodicity induces a periodic dielectric function that gives rise to the so-called
photonic bandgaps, a set of wavelengths/energies and crystallographic directions for which propagation
within the photonic crystal is forbidden. Photonic crystals are commonly produced in cleanrooms involving
precise nanofabrication techniques. The demand for a high reproducibility of such structures can, in a long
term, become cost-unfriendly, not to mention the environmentally hazardous methods some techniques
may require.

Recent researches confirmed that natural photonic crystals exist in the silicon dioxide exosqueletons
of diatoms, abundant microalgae that precipitate silicid acid from water. This Thesis focuses on the study
of a specific part of those exosqueletons: the girdles. The highly ordered lattices these structures exhibit
create photonic bandgaps with preserved and well defined photonic properties, paving the way for their
utilization as environmentally friendly photonic materials.

This Thesis shows, through theoretical and experimental studies, the preparation and modification of
these photonic structures by tailoring the refractive index contrast with the deposition of higher refractive
index materials, aiming to fine tuning of the photonic properties, thus presenting diatom biomass as a
highly available photonic crystal with well preserved photonic properties.

Potential applications are not restricted to devices that rely on light, but also involving sensing by

colorimetry or refractive index change detection.

Keywords: light, photonic crystals, nanoscale, wavelength, refractive index contrast, photonic bandgap,

diatoms, girdles, biomass
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Resumo

Crescimento natural de nano-estruturas de captacao de luz a
partir de microalgas para solucoes energéticas bioinspiradas

Luz, a maior fonte de energia disponivel, permite o desenvolvimento de dispositivos que se encontram
sob estudo constante em termos de otimizacao e aprimoramento. Nos dias de hoje, devido a miniaturi-
zacao de componentes, tecnologias a nano-escala tém se destacado cada vez mais.

Cristais fotonicos, nano-estruturas caracterizadas por padrdes periodicos definidos a escala do com-
primento de onda, por exemplo redes de poros preenchidas com um indice de refracao diferente do
material que compde a estrutura, sao capazes de facilmente manipular a luz. Esta periodicidade induz
uma funcao dielétrica periddica que da origem aos hiatos fotonicos, um intervalo de comprimentos de
onda/energias e direcdes cristalograficas nos quais a propagacao de luz no cristal fotdnico é proibida.
Cristais fotdnicos sdo regularmente produzidos em ambiente de sala limpa envolvendo técnicas de na-
nofabricacéo precisas. A exigéncia de elevada reprodutibilidade de tais estruturas pode, a longo prazo,
tornar-se um processo dispendioso, para nao falar dos métodos perigosos para 0 ambiente que algumas
técnicas possam requerir.

Pesquisas recentes confirmaram a existéncia de cristais fotonicos naturais nos exoesqueletos de dio-
xido de silicio de diatomaceas, microalgas abundantes que precipitam acido silicico da agua. Esta Tese
foca-se no estudo de uma parte especifica destes exoesqueletos: as girdles. As redes altamente ordena-
das que estas estruturas exibem criam hiatos fotdénicos com propriedades bem definidas e preservadas,
abrindo caminho para a sua utilizacdo como materiais fotonicos amigos do ambiente.

Esta Tese demonstra, com recurso a estudos teoricos e experimentais, a preparacao e modificacao
destas estruturas periodicas através da modulacao do contraste de indice de refracdo com deposicao de
materiais de elevado indice de refracdo, com o objetivo de modificar as propriedades fotonicas, e assim
apresentar a biomassa proveniente de diatomaceas como cristais fotdnicos altamente disponiveis e com
propriedades fotdnicas altamente preservadas.

As possiveis aplicacoes nao se restringem apenas a dispositivos que trabalhem diretamente com luz,
mas também envolvendo detecéo por colorimetria a detecao de mudancas no indice de refracao.

Palavras-chave: luz, cristais fotonicos, nano-escala, comprimento de onda, contraste de indice de

refracao, hiato fotonico, diatomaceas, girdles, biomassa
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Introduction

1.1 What is light harvesting?

The planet gets constantly irradiated by a huge source of light, the Sun. Converting sunlight into energy
provides an opportunity to make solar power a massive source of renewable energy, since the energy
provided by the Sun is consumed worldwide [1]. Light harvesting, the ability some materials or systems
(complexes) have to capture photons from solar light and convert them into chemical energy through
photochemical processes [2], is the core of solar power conversion into usable energy and studies about

the subject have been increasing throughout the years (see Figure 1.1).
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Figure 1.1: Evolution of the number of publications about the subject of "light harvesting”. Data provided by Web
Of Science.

Light harvesting is based in energy transfer from donor to acceptor molecules (chromophores). This
principle is synthesized in Figure 1.2: the donor molecules act as antennas for the incoming excitation
light. The absorbed photon will excite an electron with a certain spin orientation to a higher state and
generate an exciton, a quasi-particle consisted of an electron and a hole attracted by Coulomb’s force.
The exciton is transported to a donor-acceptor heterojunction by Forster Resonance Energy Transfer (FRET)
or by diffusion in donor and acceptor materials [3], in which it will be separated into an electron and a hole:
the electron from the excited state, or the lowest unnocupied molecular orbital (LUMO), is transferred to
the LUMO of the acceptor, resulting in the formation of electron-hole pairs.
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Figure 1.2: (a) Light harvesting principle. Reprinted from Mayr et al [2]. (b) Schematic of photoinduced electron
transfer. Reprinted from Hedley et al [3]

The rate of electron transfer, kg, was studied in Li et al [4] and it was concluded that it decays
exponencially with the distance between the donor and the acceptor, Rp4, decreasing the efficiency on
light harvesting in the process:

ker = koe PRoa (1.1)

where k the electron transfer when the donor and acceptor are in contact and S is an attenuation coeffi-
cient. The efficiency on energy transfer in light harvesting systems/materials can be enhanced by decreas-
ing this distance, for example reduce disorder in the system [5], or by increasing the donor-to-acceptor
ratio, i.e. increasing the number of donor molecules per acceptor [6, 7]. Synthetic and photosynthetic
biological systems capable of producing chemical energy from sunlight have a number of applications in
photovoltaics such as photovoltaic systems that produce voltage and current upon photon absorption [8],
brightness enhancement of luminescent sensors [2], improvement of dye-sensitized solar cells (DSSC)
efficiency [9], photocatalysis in water splitting [10] and devices able to mimick photosynthesis [11].
Nowadays, solar technology devices are the mainstream generators of energy from incoming sunlight,
in which the efficiency is directly related the the constituent solar cells [12]. Despite their ubiquitousness,
solar cells can only convert a small percentage of light into usable energy. Conventional ¢-Si solar cell
designs treat light as rays, giving different wavelengths the same treatment, in which the efficiency is way
lower compared to the thermodynamic efficiency limit. One method to increase the efficiency of a solar
cell is to increase its thickness in order to absorb more light; this, however, would result in increased
bulk recombination [13], which would not contribute to energy conversion. In addition to limited efficiency
values, ray-optics based solar cells are costly mainly due to the requirement of highly pure thick ¢-Si. An
alternative to the silicon solar cells is thin-film photovoltaics (TFPV), or thinfilm solar cells, with direct
bandgap materials, such as GaAs [14], CIGS [15], CdTe [16] and perovskite [17], in contrast with silicon
that an indirect bandgap. Although thinner, TFPV have yet to achieve an efficiency as great as conventional
¢-Si cells, not to mention the toxicity of materials such as Cd. The expensive nature of GaAs is also a
downside on TFPV production, despite its high efficiency of 29.1% [14], and the slow production of CIGS
is also a downgrade on the fabrication of these devices. Perovskite and organo-lead cells have shown
efficiency increase throughout the years [18], with a multijunction perovskite silicon tandem achieving
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an efficiency record of 28.1% [13]. However, the low stability and environmental hazards associated
with Pb overpower the advantages of perovskite cells. Hence, a new, less costly, low-loss, state-of-the-art
approach to increase the efficiency is needed and the solution can be found on structures that treat specific
wavelengths differently. This problem can be overcome by the implementation of photonic crystals (PhCs)
[19].

1.2 Photonic Crystals

Photonic crystals are optical nanostructures composed by periodically separated regions of high and low
refractive index in the wavelength scale. Discovered by E. Yablonovitch [20] and S. John [21] in 1987,
although studied earlier by Lord Rayleigh in 1887, PhCs arouse high interest in optical and photonic
applications due to their ability to control and manipulate light, as well as being low-loss dielectric media.
Light propagation in a photonic crystal is affected by its properties: periodic refractive index, type of
lattice, geometry and lattice parameter. The most interesting characteristic of PhCs is the existance
of photonic bandgaps (PBGs), the gap between two adjacent photonic band structures caused by Bragg
scattering when light passes through. Wavelengths within the range of the photonic bandgap are prohibited
from propagating through certain directions of the crystal, due to destructive interferences resultant from
multiple reflections at the high-low refractive index interfaces. PBGs can be divided into two types: full
photonic bandgaps (Full PBGs), where a certain range of frequencies/wavelengths of any polarization
cannot propagate in the crystal through any direction (also called omni-directional PBG) [22] and pseudo-
photonic bandgap (pPBG), where the inhibition of mode propagation is restricted only to a certain direction.
PBGs can be modulated by changing the parameters of the photonic crystal, such as the lattice constant,
refractive indices of the constituent dielectrics and its thickness [23]. The concepts of PhCs are similar to
those of conventional crystals, namely the wave treatment both light and electrons receive, respectively.

Table 1.1 shows the main comparisons between both types of crystals [24, 25].

Table 1.1: Conventional crystals vs Photonic crystals

Conventional Crystal Photonic Crystal
Periodic arrangement || Atoms or Molecules Macroscopic media
Periodic function Periodic Potential Function Periodic Dielectric Function
Differential equation || Schrodinger’'s Equation Maxwell's Equations
Propagation Electrons Photons
Bandgap function Electrons of certain energies can- || Light of particular frequencies
not propagate in certain direc- || cannot propagate in some (if not
tions all) directions

According to the direction of their periodicity, PhCs can be one-, two- or three-dimensional (see Figure 1.3).
One-dimensional PhCs can be produced by thin-film depositions of two periodically stacked materials with
different refractive indices; one example of this structure is the Distributed Bragg Reflector (DBR). The
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resultant PBG of this structure is given only at a certain direction, normal to the surface of the material
light is focused on. Two-dimensional PhCs are periodic in two dimensions and ideally infinite in the
third; they may consist of rods of some material suspended in air or air-holes in a dielectric slab. This
architecture of photonic crystal (PhC) is used in photonic crystal fibers [26]. Three-dimensional PhCs are
capable to produce a full photonic bandgap, since modes within this range are prohibited to propagate in
all directions. These types of PhCs can have many structures such as arranged inverse opals, woodpile
and the Yablanovite, inverse cylindrical holes arranged in a diamond lattice, which showed the first 3D
photonic bandgap in 1991 by E. Yablonovitch [27].

1-D

periodic in periodic in periodic in
one direction two directions three directions

Figure 1.3: One-, two- and three-dimensional photonic crystals. Reprinted from Joannopoulos [28]

The use of PhCs in solar cells has been increasing throughout the years, not only due to reduced
dimensions in contrast to thicker c-Si solar cells and decreased recombination but also due to PBGs
and slow-photon effect [29]. Liu et al [22] displays and demonstrate the use of all three types of PhCs
and their role in solar cells, such as back-reflectors in the case of one-dimensional PhCs, as well as a
decrease in the rate of bulk recombination and increase the retention time of photons. A more efficient
way to enhance light trapping in solar cells is the use of back-reflectors coupled to diffraction gratings from
one- and two-dimensional PhCs, respectively, or with 3D inverse opals [12, 30, 31]. Studies were also
made for 2D perovskite PhCs with the aim to enhance light absorption, with the main focus being solar
cells [17]. Various photonic crystal patterns were also studied and demonstrated to increase solar cell
efficiency, such as regular inverted pyramids [6, 32], surpassing the theoretical efficiency in silicon solar
cells or Labertian limit, and the moth-eye pattern for an absorption enhancement in poorly illuminated
environments [33]. Applications involving PhCs are not restricted only to light trapping-based devices;
they can also be incorporated in sensing devices such as biosensors [34, 35], optical sensors [36] and
even chemical sensors [37].

2D PhCs can be fabricated by injecting a two-dimensional periodic arrangement of a given refractive
index into a planar dielectric that acts as a waveguide. Despite presenting advantages over 3D PhCs, such
as easier fabrication processes and more compatible for integrated photonics and microelectronics, they
are designed for in-plane control of light, but cannot control light in the perpendicular direction (out-of-
plane), leading to diffraction losses [38].
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Here enters a new type of PhC capable to manipulate light in three dimensions without a three-
dimensional geometry designated 2.5 dimensional PhCs. These types of PhCs exhibit in-plane waveguiding
like their 2D counterparts, as well as a two-dimensional PBG, but they can also control and confine light
out-of-plane, i.e. in a direction perpendicular of propagation, like a 3D PhC, by index guiding, or total
internal reflection. A very good example is shown in P. Viktorovitch et al [39], where a two-dimensional
periodic membrane is coupled with a DBR, providing control of light in three directions. State-of-the-art
2.5D PhC, and even PhCs in general, for light confinement are the slab photonic crystals (sPhCs) [40]. A
slab photonic crystal (sPhC) consists on a dielectric slab that acts as a waveguide over which a periodic
arrangement, of a different refractive index, is patterned and responsible to modify light propagation and
for the appearence of PBGs. The thickness of the slab plays a huge role in the detection of higher order
modes, as well as the radius of the pores and the lattice constant of the periodic arrangement [41]. 2.5D
PhCs have been studied for their use in laser applications such as in vertical-cavity surface-emitting lasers
(VCELs) [42], ultra-thin photovoltaic cells [40], color-selective holograms for sensing [43] and efficiency
enhancement for light-emitting diodes (LEDs) [44].

It is of great interest being able to manipulate the properties of a photonic crystal in order to tune
the photonic bandgap to different wavelenghts, as well as to increase/narrow its bandwidth, therefore
changing its photonic response. This can be obtained modifying its properties, such as its periodicity,
the filling fraction and effective refractive index. The effective refractive index of a photonic crystal can by
modulated by insertion of new materials in the structure [45, 46]. Figure 1.4 shows a 2D PhC consisting
of nanoholes of aluminum with a deposited thin-film of CoFeB, with a higher refractive index, and the
variation of the structural color as the thickness of the thin-film increases.

Al Base
layer

Figure 1.4: (a) Sketch of light path in CoFeb-coated aluminum oxide nanopores. SEM images for the aluminum
oxide coated PhCs for different thicknesses: (b) 16.3 nm, (c) 32.7 nm and (d) 49.0 nm. Reprinted from Zhu et al
[45].

A modification on the lattice constant was demonstrated in B. Suthar et al [47] in one-dimensional
PhC by modifying the thickness of consecutive stacks, obtaining broader reflectances as well as significant
shifts. Studies have also shown the tuning of PBGs by applying external stimuli of electrical fields on
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charged colloids [48] and electric and magnetic fields alternate layers of silver and titanium dioxide [49].
Recent studies have demonstrated a dynamic control of PBGs in blue-phase liquid crystals (BPLCs) by
applying electrical stimuli. BPLCs are a phase of liquid crystals (LC) with a periodic cubic lattice that
exhibit selective reflection of visible light controlled by the orientation of light shining on different families
of planes [50]. This selectivity is due to the anisotropic nature of LC molecules. The PBG is located in
the visible range and its tuning can be dynamic by applying electrical stimuli, since LC molecules are also
very responsive to electric fields [51]. R. Manda et al [52] prepared BPLCs consisting of a mixture of LC, a
chiral dopant, a mesogenic monomer, a nonmesogenic monomer, and a chiral monomer. Controlling the
concentration of chiral monomer concentration and LC-to-chiral dopant ratio, in addition to adjusting the
electric field strength, allows the control of the PBG over a wide range with a high color purity (i.e. narrow
bandwidths). This allows for dynamic tunable PBG materials that can be of great interest in tunable lenses
[53] and gratings [54]. Liquid crystals are very sensitive to temperature changes, so that their properties
may change and thus tuning the photonic response of the system. This study was demonstrated in R.
Ozaki et al [55] for ferroelectric LC. Hydrogel photonic crystals also present great photonic tunability. Their
periodicity can be modified through swelling and diswelling of the particles with the aid of external stimuli,
like temperature for example, paving the way to fast responsive bio and chemical sensors. Park et al [56]
achieved a rapidly tunable hydrogel photonic crystal highly reflective through the whole visible range.

Conventional PhCs are produced using nanofabrication techniques in cleanroom facilities, but they
also exist in nature and can serve as models to be recreated as artificial PhCs with the same proper-
ties [57, 58]. Light harvesting structures with photonic crystal-like arrangements have been studied and
demonstrated their behaviour in previous publications: the iridoplasts from Begonia plants, composed by
periodic stacks of thylakoid tissues [59, 60], opal-like PhCs in brown algae [61] and naturally produced
silica PhCs in diatom microalgae [62]. The latter is the case of study of this Thesis and is discussed in the
next section. Some animals also present structures with PhC proterties, like the scales in some species
of beetles [63], the wings of butterflies [64] and the scales of chameleons [65], albeit designed more
towards structural coloring, camouflage, communication and UV protection rather than light harvesting
itself.

1.3 Diatoms: what makes them special?

Diatoms are thought to have been in existence since the Jurassic period, i.e. for at least 200 million years
[66]. They are a group of unicellular microscopic algae found in oceans, rivers and grasslands in the
world, making up for a huge portion of the Earth’s overall biomass [67]. Counting for at least 200 000
different species of various shapes (see Figure 1.5.a) [68], diatom microalgae produce about 20-50% of
the oxygen produced on the planet every year [69]. The size of individual diatoms usually ranges from 2 to
200 um [70]. Like plants, diatom microalgae harvest light to produce chemical energy through photosyn-
thesis. Diatom microalgae possess a unique feature: they develop silica (SiO,) exosqueletons (or shells),
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called frustules, by precipitating silicic acid from water that, due to their highly porous nanostructures,
are responsible for their coloration. There are two main morphologies of diatoms regarding the shape
of the frustule: the elongated bilaterally-symetrical (or pennate) and the round and radially-symetrical (or
centrics) [68]. The frustule is composed by two overlapped thecae (more commonly known as valves) in
a Petri-dish-like orientation, with one being slightly larger than the other, and two silica bands called girdle
bands, that hold the thecae together [68]. Figure 1.5.b shows a diatom from the species Coscinodiscus

granii and its two different silica parts.

side view

(b)

Figure 1.5: (a) Diverse shapes of diatom microalgae. (b) Side view of Coscinodiscus granii species, displaying the
building blocks of the frustule: girdles and valves. Reprinted from [71] and [62], respectively.

In the presence of an adequate medium and enough sunlight, diatom cultures can double their pop-
ulation within 24 hours in the first stage of reproduction. Reproduction of diatom microalgae can be
separated in two main stages: the asexual reproduction stage proceded by sexual reproduction (see Fig-
ure 1.6). First, diatoms undergo asexual reproduction, where the cell divides itself into two daughter cells
with the same genetic information. Each daughter cell will inherit one theca from the mother cell, one with
the epitheca (the larger one) and the other with the hypotheca (the smaller one), with each forming one
girdle band (more can be formed over time) [72]. Cells that inherit the epitheca develop frustules that are
always the same size of their mother cells’, whereas frustules from the ones that inherit the hypotheca
will be smaller than their predecessors. The stage of asexual reproduction will occur until the size of the
frustule reaches a minimum. Henceforth, the cell undergoes sexual reproduction involving other cells by
releasing gametes. This stage includes the formation of auxospores in order to restore the cell to the
original size [73].

It was observed in previous studies that frustules provide high mechanical strength, being able to
resist to stress values of 1-7 N mm~2 for valves, while also exhibiting high elasticity for girdle bands,
capable of withstanding up to 560 N mm~2 of mechanical stress [72]. The pores also play a role in
chemical communication with the environment, which would be of interest in microfluidic chips [74], and
prevent harmful agends to enter the cell via size exclusion [62, 75]. The frustule has a highly periodic
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Figure 1.6: Reproduction cycle of diatoms

porous nature that plays a role in photosynthesis, as well as modulation of light-cell interactions [67],
resembling photonic crystal nanostructures. These PhC-like properties make diatoms a huge source of
nano-photonic materials, wether for direct use or for biomimetics. Diatom frustules have been incorporated
in lots of applications over the years on account of on their good diffusion and scattering properties,
using them as templates for electrodes for supercapacitors [76], incorporation in anodes for lithium-ion
batteries [77], gain medium for random lasers [78], efficiency enhancement of DSSC [79], substrates
for Surface Enhance Raman Spectroscopy (SERS) [80, 81], bio- and chemosensors [82, 83] and drug
delivery systems [84]. T. Vasileiou et al [33] have used the hierarchical porous layers of frustules as
designs for biomimetics for light absorption in triple junction solar cells. Valves (or thecae) display a
hexagonal arrangement of pores with lattice parameter ranging from 900 to 950 nm [85]. Valve optical
properties have had more focus due to their diffraction of light and intersting porous networks, composed
by a hexagonal arrangement of pores in a hierarchical order. Girdle bands, however, have been largely
understudied over the years. Studies from Goessling et al [62, 72] display comparisons of the optical
properties between valves and girdle bands of the same species, C. granii, and a complete study of the
optical properties of girdle bands, respectively. Girdle bands, or simply girdles, consist of circular silica
slabs with radii ranging from 40 to 200 um for the species C. granii. Girdles present intriguing features in
their morphology: they are composed by a periodic lattice of inter-connected cylindrical micropores that
perforate the bulk silica slab, intersecting a central rhombic chamber (see Figure 1.7.b). The most known
periodic arrangements are the square and hexagonal lattices for the species C. granii and C. wailesii
respectively [86]. It has been shown in Goessling et al [62] that the periodicity for C. granii species is
about 285 nm, with a surface area of 7500 um? and a slab thickness between 745 and 800 nm. An
intersting feature regarding the porosity network of diatoms is that the periodicity, otherwise known as
lattice constant, is highly preserved within a certain species, but changes for different species. For the
species C. wailesii the lattice constant was measured to be about 330 nm [86]. The volume occupied by
the micropores accounts for 25-30 % of a unit cell and defines the void that will be filled with medium, i.e.
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the void filling fraction f;. The void filling fraction will cause refractive index contrast relatively to the bulk
silica, consequently manipulating the photonic response of the system by changing the effective refractive
index of the girdle band, n.y, as stated by Equation 1.2:

efs = A fim + (1= fn,e (1.2)

where np, is the effective refractive index of the bulk girdle band. The internal structure and material

-
500 nm
(b) (c)

Figure 1.7: Girdle band morphology. (a) Circular shape with a split ring spacing. (b) Cross section of the pores.
(c) 3D model displaying the volume occupied by one pore (void filling fraction). Reprinted from [62].

(3)

properties of the girdle slab show interesting photonic response when immersed in water, i.e. at low
refractive index contrast showing the existence of a pPBG in the near infrared (NIR) region when light is
incident at normal incidence, as well as a blue-shift at larger angles, as seen in Goessling et al [62]. The
existence of a pPBG and in-plane diffraction of modes due to the waveguiding nature of the bulk silica slab
promotes girdle bands as an example of naturally produced 2.5 dimensional sPhC. To tune the photonic
response of the system independently of the immersion medium, the bulk of the girdle band must be
modified in order to change its effective refractive index, changing in the process the effective refractive
index of the sPhC. The position of the pPBG, described by the central wavelength of the reflectance
peak shows a dependence not only on the effective refractive index of the sPhC but also on the angle of
incidence, the distance between planes where light is focusing on and the immersion medium. These
dependences are described by Bragg-Snell's Law for PhCs [87]:

A = 2D \Jn ; — n? sin® Oy, (13)

where A, is the central wavelength of the reflectance peak and the spectral position of the pPBG, D is
the interplanar spacing, n.rr is the effective refractive index of the sPhC, n; the refractive index of the

immersion medium and 6;,, is the angle of incidence.
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1.4 Framing and Motivation

Notwithstanding the usefulness of photonic crystals in light trapping devices like solar cells, the high need
of reproduction may turn out to be an inconvinience. The fabrication of PhCs for these devices involves
advanced cleanroom processes, not to mention the precision and accuracy on desired dimensions, which
can become time-consuming and costly in the long run. An eco-friendly alternative like microalgae biomass
would certainly be an improvement in the production of energy from renewable sources as, aside from
being already an improvement from fossil fuels, it would be an upgrade from conventional solar cells and
cells incorporated with nano-fabricated PhCs.

The motivation of this Thesis is to present a new material with PhC properties made of microalgae
biomass, girdle bands from diatoms, as an alternative to fabricated PhCs and therefore open a window
for their use in light harvesting devices, while also being environmentally-friendly as well as less costly. To
date, there have been no technological devices where girdle bands are implemented due to the existence

of very few studies on the subject.

1.5 Objectives

This Master Thesis aims to enhance light harvesting in diatom girdles by tailoring the refractive index
contrast of said structures. For such, the following steps will be performed:

e Step 1: the first step of this project will be based on simulating the photonic response of mod-
ified diatom girdles, i.e. funcitonalized with other materials, with the approximated dimensions
(discussed in Chapter 2);

e Step 2: measure the photonic response of clean girdle bands, i.e. without any modification made

whatsoever;

* Step 3: use of diatom girdles as scaffolds for either the growth of conformal optical materials in the
cleanroom or functionalization with nanoparticles, in a way to fine tune experimentally its intrinsic

optical properties;

e Step 4: study the photonic response with the resulting samples from Step 3.

1.6 Structure

The present Thesis document is composed by four chapters with the following descriptions:

e Chapter 1: this chapter corresponds to the introduction of the Thesis. It consists of briefly explain-
ing the concept of light-harvesting and some state-of-the-art technologies using photonic crystals as
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light-trapping structures. It also introduces diatoms and the potential they have to replace conven-

tional PhCs according to previous works and studies.

Chapter 2: this chapter is relative to the theoretical study of the photonic response of girdle
bands when higher refractive index materials of choice are inserted, via Finite-Difference Time-
Domain (FDTD) simulations. The simulation setup is explained with detail, as well as how the

various simulations are computed.

Chapter 3: this chapter corresponds to the experimental section of the Thesis. It contains the
optical and morphological characterizations of bare and modified girdle bands, as well as the pro-
cesses of modification of these structures. The treatment of diatoms, such as culture nurturing

and frustule cleanign processes, are also included.

Chapter 4: this chapter is about the conclusions taken from the overall Thesis and future per-
spectives regarding the corresponding subject.

11
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Theoretical Study of the Photonic Response

This Chapter shows simulations of the photonic response of a girdle-like structure with and without inserted
materials, which will be called bare and coated structures, respectively. It is to point out that these
simulations were executed before real measurements were carried out and thus some dimensions and
results will differ slightly from the ones measured in Chapter 3. Furthermore, as it will be seen in Section
2.2.2, the explanation of the photonic response of a modified structure is given for only one material with
one specific thickness, aside from comparisons with other thicknesses and materials also simulated; the

remaining simulations are displayed in Appendix A.

2.1 Simulation Setup

As seen in Chapter 1, diatom girdles are circular silica slabs with a periodic arrangement of pores that
display a complex geometry (see Figure 1.7). The lattice, characterized by an intrinsic lattice constant,
a = |a|, gives rise to a periodic dielectric function in the structure, e(¥) = e(F+a), where 7 is the position
of some point in the lattice.

The system’s optical properties are related to its effective refractive index [28, 62] which can be tuned
by altering the surface of the bulk silica slab, by introducing new materials all over the surface and inside
the pores, for example. The deposited material will change the girdle’s effective refractive index, altering
the refractive index contrast between the bulk and the surrounding medium (which can be air, water or
other fluid) in the process.

To study the photonic response of the system toward a change in the refractive index contrast, Finite-
Difference Time-Domain (FDTD) numerical methods from the commercial tool Lumerical were used to
simulate these properties on a girdle-like structure with some inserted material of a given thickness. The
girdle-like structure was built knowing that it consists of a silica slab with periodically separated pores:
the slab corresponds to a silica rectangle (ns;0, = 1.44), with a thickness of approximately 800 nm.
Dimensions used in these simulations are based on previous works that simulated the same structure [62].
The pores were considered to be cylinders intersecting spheres, with radii of 91 and 176 nm, respectively.

12
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The lattice constant was considered to be 285 nm, the average value of the C. granii species, whose girdle

bands exhibit a square lattice and the main case of study of this Thesis.

silica slab

2.04

I 1.44
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Figure 2.1: Girdle-like structure. (a) SEM view of a real girdle band, displaying its 2D arrangement of pores.
(b) Top view of the girdle-like structure. Cross section view in the XZ-plane of the structure, with water as the
immersion medium, displaying one unit cell: (c) bare structure (purple corresponds to water and dark-blue to silica.
(d) structure with deposited material with SisN4 (purple corresponds to water, dark-blue to silica and yellow to SisNy.
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Transmittance monitor

Figure 2.2: Full simulation setup.

Figure 2.1.a shows a Scanning Electron Microscopy (SEM) image of a flat girdle band and Figure 2.1.b
displays the top-view of the girdle-like structure and the orange stripe corresponds to the simulation region.
The simulation region has the same width as the structure’s periodicity and has Bloch Boundary conditions
on the y—direction in order to replicate the array of pores throughout the slab in the +y and —y directions,
thus inducing a 2D lattice with less simulation running time; z— and x—directions have PML layers on the
respective ends in order for radiation to vanish and mitigate the effect of back-reflectances. Figure 2.1.c
shows the cross section of a set of pores from the structure as well as a refractive index gradient, showing
all constituents: the bulk silica (ns;0, = 1.44) in dark-blue and water (ny,0 = 1.33) in purple, acting as
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the surrounding medium. Building a structure with a deposited material in it follows the same steps as
building the bare one; however the thickness of the material must be considered, considering a conformal
deposition. For example, for a 60 nm thick film, the slab with the material will have to be 60 nm thicker
than the silica’s upwards and downwards, as well as the dimensions of the pores. Figure 2.1.d shows a
cross sectional view in the XZ-plane of a structure with a 60 nm thick conformal film of SisN, deposited
over the surface and inside the pores: water in purple, silica in dark-blue and SizNy4 in yellow. It is clear
the difference in the refractive indices of all materials. With this configuration, a periodicity in the dielectric
function in the structure is ensured.

Figure 2.2 displays the full setup used for the simulations. Monitors collect the electric and magnetic
fields, E and fI, respectively, normalized by the source and display the photonic response given by the
system when light is incident. Reflectance and transmittance monitors must be large enough and placed
not to distantly from both ends of the structure, in order to capture a considerable amount of radiation,
providing conclusive results in the end. The electric field monitor is placed in a pore right in the middle of
the structure. The positioning of this monitor is simply because it is desired to analyze the behaviour of
radiation inside the structure, where in the first pore light will not have enough time to be influenced by
the structure, whereas in the last pore the radiation will not be enough, since it will be lost throughout the
whole structure.

2.2 Results

Simulations for reflectance and transmittance at normal incidence were carried out in order to study
the properties of the pseudo-photonic bandgap (pPBG), such as its spectral position and width. The
amount of electric field localized in a single pore in the structure is also simulated, in order to visualize
the regions where it concentrates the most to further understand the pPBG region; this will also act as a
way to determine the material thickness that enhances the localized field on the structure. The angular
reflectance is also simulated to detect the shift of the central peak with light focusing at various angles of
incidence.

Three materials with different refractive indices were used in these simulations to study the different
photonic responses: SisNy4, TiO5 and Si, with refractive indices of 2.04, 2.59 and 3.86, respectively, at
A = 625 nm (values were calculated from the respective dispersion formulas displayed in Appendix A.
Dispersion formulas for each material were retrieved from K. Luke et al [88], J. R. DeVore [89] and B.
Tatian [90], respectively). The thickness of these materials was also varied in order to study the effect of
thickness variation on a fixed inserted material; values of 6, 30 and 60 nm were simulated (low, average
and high material concentration, respectively). Higher values were not considered since the narrower
regions of the pores would have been completely filled.

Simulations for the species C. wailesii, whose girdle bands exhibit hexagonal/triangular lattices, are
also carried out in order to study the effect of lattice geometry on the photonic response of the system, as
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well as to briefly study its photonic properties.

Finally bandstructures are also computed, as mentioned above, by placing a set of randomly dis-
tributed dipoles over a single unit cell of the structure with frequencies ranging from 60 to 700 THz in
order to cover the whole visible spectrum and the near infrared (NIR). Bandstructures give a more com-
plete analysis on the existence of the pPBG not only at normal incidence but also at a certain angle of
incidence due to the waveguiding nature of the slab photonic crystal (sPhC) structure, as well as the optical
modes that it can support. The bandstructures are calculated considering the complexity of the pores as
regular cylinders that occupy 30% of a unit cell, as real pores do, with an effective refractive index that
takes into account the weights of the deposited material and immersion medium (see Appendix A for the
explanation).

2.2.1 Bare girdle band

First, simulations were performed for a bare girdle-like structure, i.e. without any material inserted and
immersed in water. Figures 2.3.a and 2.3.b show the reflectance at normal incidence and at variable

incident angle, respectively.
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Figure 2.3: Simulated photonic response of a bare girdle immersed in water: (a) Reflectance (blue) and trans-
mittance (orange) at normal incidence. The pPBG is displayed as a peak/dip in the reflectance/transmittance
spectrum. (b) Angle-dependent reflectance. (c) Electric field intensity at high (I) and low (I) energy positions of the
pPBG. (d) Bandstructure of the system displaying guided modes (solid lines) and modes that couple with radiation
modes (dashed lines).

At normal incidence, the pPBG, given by the peak/dip on the reflectance/transmittance spectrum is
located at approximately A = 760 nm, in the NIR. The angular reflectance shows that the pPBG blue-
shifts as the angle of incidence increases, in accordance the Bragg-Snell’s equation (Equation 1.3). From
this contour plot, for each angle that was computed in the simulation, the central wavelength at the
reflectance peak was plotted and a linear fit was executed in order to obtain the effective refractive index
of the sPhC, which was about 1.37. Figure 2.3.c shows the intensity of the electric field on a single pore
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in the structure at the band edges of the pPBG: at high energy, A, = 744.1 nm, in Figure 2.3.c.(l) and at
low energy, A_ = 772.9 nm, in Figure 2.3.c.(ll), corresponding to normalized frequencies of w, ~ 0.383
and w_ ~ 0.369, respectively. The intensity of the electric field inside the pores is enhanced due to its
confinement by total internal reflections. The colorbar corresponds to the ratio between the incident and
absorbed electric fields, |E,-|2 and |E0|2, respectively. At low energy, fields tend to stay in regions where
the refractive index is higher, in this case where the silica is located (yellowish regions), and fields of lower
intensity reside on regions where the refractive index is lower, like in water (blue/dark-blue regions). This
fact is mathematically predicted by the electromagnetic variational theorem (Equation 2.1), which states
that a mode on its fundamental state of energy, a)(z)/cz, concentrates a great portion of its electric field
energy at regions where the dielectric function is higher in order to minimize its frequency [28]. This state
is designated by dielectric band due to the aforementioned fact, and correspondes to the lowest mode on
the bandstructure of the system. Similarly, the mode above is called air band, a mode of higher energy
where the electric field is mostly concentrated in the lowest refractive index regions.
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The confinement of light is higher at the band edges due to the slow-photon effect, where the group
velocity of guided modes tends to vanish due to a flattening in the bandstructure. This flattening happens
at the symmetry point X, shown in Figure 2.3.d. Light being shone at normal incidence corresponds
to the T’ — X direction in the bandstructure. At the vicinity of point X the modes start to flatten and
open a gap that correponds the pPBG present in the reflectance and transmittance simulation. From the
bandstructure is possible to see that the structure supports a set of modes outside the light cone (white
area), depicted by solid lines. These modes represent guided modes and are totally confined within the
slab. In addition, there are also modes that lie inside the light cone, given by the dashed lines. This
plot also displays the frequencies at which the electric fields of Figure 2.3.c were calculated: the dashed
orange line corresponds to w., which lies at the air band, and the blue dashed line to w_, which lies in
the dielectric band. These modes are characteristic of 2.5D sPhC and can couple with radiation modes
(from the outside), presenting a so-called leaky mode, with a finite lifetime.

2.2.2 Girdle band with material deposited

The simulation performed for a 30 nm thick film of SisN4 will serve as a base to explain the photonic
response of a girdle-like structre when deposited with a material. This thickness is chosen for the study
since it gave more conclusive results, which facilitated the analysis of the photonic response relative to 6
and 60 nm. SizN4 also has a relatively low refractive index (although higher than silica’s), so that some
effects that are seen in simulations for TiO, and Si are not manifested here in high extent, making analysis
easier to understand.
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Figure 2.4: Simulated photonic response of a girdle band with a deposition of 30 nm of SisN4. Incident light
is p-polarized with water as the immersion medium. (a) Reflectance (blue) and transmittance (orange) at normal
incidence. (b) Intensity electric field confined in one pore. (c) Guided TE modes along the IBZ (solid lines) and
modes that couple to radiation modes (dashed lines). (d) Mapping between the dispersion relation in the I' — X
direction and reflectance.
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Figure 2.5: Simulated photonic response of a girdle band with a deposition of 30 nm of SizN, with water as
the immersion medium. Incident light is s-polarized. (a) Reflectance (blue) and transmittance (orange) at normal
incidence. (b) Intensity electric field confined in one pore. (c) Guided TM modes along the IBZ (solid lines) and
modes that couple to radiation modes (dashed lines). (d) Mapping between the dispersion relation in the I' — X
direction and reflectance.
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Figures 2.4 and 2.5 show the simulated photonic response of the system at normal incidence for p-
and s-polarization, respectively. The source is a plane wave, with wavelengths ranging from the whole
visible spectrum and covering a small portion of the NIR. For simulations with TiO, and Si coatings,
wavelengths cover mostly the NIR due to the resultant shifts to higher wavelengths (see Appendix A). The
type of polarization light has is characterized by the polarization angle. This angle defines the orientation of
the injected electric field and is measured with respect to the plane formed by the direction of propagation
and the normal to the injection plane. Polarization angles of 0° and 90° define p-and s-polarized radiation,
respectively (see Figure 2.6.a).

Figures 2.4.a and 2.5.a display the spectral position of the pPBG, depicted by peaks/dips in the
reflectance/transmittance spectra. The pPBG for the coated girdle band structure at p-polarized light is
located at A, = 857.0 nm and the one at s-polarization at A, = 854.9 nm; these values correspond
to the central wavelength of the reflectance peak. In a perfect 2D photonic crystal (PhC), these values
would have been the same; this dissimilarity is due to the asymmetry existant in the structure when the
material is inserted and this effect is higher for higher refractive index materials (see Appendix A). Real
girdle bands exhibit asymmetries even without inserted materials, mainly due to the existance of defects,
which were not considered in this theoretical study. The pPBG for p-polarization also seems to be wider,
with a full width at half-maximum (FWHM) of approximately 26 nm, while for spolarization the FWHM is
around 16.5 nm, inhibiting therefore a wider range of wavelengths/frequencies to propagate through the
crystal. These values were calculated using a Gaussian fit, with two iterations from OriginPro software.
The insertion of SisN4 on the structure red-shifts the pPBG to higher wavelengths in the spectrum about
90 nm relatively to the bare structure, seen in the previous subsection, due to increasing the effective
refractive index of the sPhC. The aforementioned graphs present a smaller peak adjacent to the pPBG.
These can be designated as secondary oscillations, and may be interpreted as a result of back-reflections
at both ends of structure, as well as a net of total internal reflections inside the structure. This effect is
sensible to higher refractive index contrasts [62] and may have the same properties as the pPBG, which is
further discussed in simulations at oblique incidence in Subsection 2.2.5. The intensity of the electric field
on a single pore located in the middle of the structure is shown in Figures 2.4.b and 2.5.b. These plots
were taken at wavelengths in which the confined electric field on the pore was maximum, at low energy
near the band-edges of the respective pPBG as previously seen in the bare girdle structure. The electric
field is enhanced relatively to the bare sample since the insertion of SisN4 will increase the refractive index
contrast, which in turn will increase the amount of total internal reflections inside the pores, and therefore
the confinement of light will also increase. It is apparent the gradient of localized field throughout the pore.
The electric field seems to concentrate its energy at the edges of the pore, i.e. the pore-pore interface, that
is covered by SisNy4, agreeing with the electromagnetic variational theorem since the dielectric function is
higher at these regions.

Figures 2.4.c and 2.5.c show TM and TE modes propagating in the structure, i.e. guided modes,
respectively, represented by solid lines. The vertical axis represents energy in reduced units of a/A, where
a is the lattice constant and A the wavelength of light in vacuum, while the horizontal axis corresponds to the
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set of all wavevectors from the reciprocal space that belong to the square lattice’s Irreducible Brillouin Zone
(IBZ)(Figure 2.7.a). It is important to mention that, while TM and TE modes are usually associated with
p- and s-polarization, respectively, in a PhC this convention is the other way around: TE modes are those
where E-fields oscillate in the direction where the PhC is infinite, i.e. in-plane, while in TM modes E-fields
oscillate in the direction of the height of the crystal (in this case, the thickness of the membrane), i.e. out-
of-plane. These orientations are depicted in Figure 2.6, also displaying the aforementioned orientations for
both polarizations at the source. The calculation of bandstructures serves as a prediction of the system’s

(a) VA"'}CUOH plane (b) TE modes
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/ TM modes
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E-field Hy
Hx
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Figure 2.6: Conventional orientations for polarization of light vs convention used in photonic crystals. (a) Conven-
tion for polarization of light in the light source, according to the orientation of the electric field relative to the injection
plane. (b) Convention of polarization for photonic crystals.

optical properties, since they display the number of modes propagating in a certain direction, as well as the
existence of a pPBG or even a Full photonic bandgap (PBG). Photonic bandstructure engineering is also
interesting since photonic crystals may be used in applications based solely on the existence of the PBG
or the propagation of modes along allowed bands [91]. For this structure, there are two guided modes
at the X —point that lie below the light cone and four at the M—point for both polarizations. Zooming in
the I' — X direction (Figures 2.4.d and 2.5.d), the dispersion relation is approximately linear, with bands
displaying a low curvature at the vicinity of the X —point, opening a gap of frequencies. This gap exists only
in the I' — X direction, disallowing light within that range of frequencies to propagate along this direction,
hence why it is designated as a pseudo-photonic bandgap. As a consequence, a peak in the reflectance
spectrum appears at the set of frequencies the pPBG ranges, mapping the dispersion relation at the band
edges. In these regions, the optical modes are slowed down, since the group velocity tends to vanish due

to the low curvature at the band-edges
do

7 — 0 (2.2)
leading to an enhanced radiation-matter interaction. Atthe vicinity of the X —point in the dielectric band, i.e.
at w_, interference of modes travelling forward and backwards will create a standing wave with antinodes
at high-index regions and nodes a low-index regions, where for the air band, at w,, occurs exactly the
opposite effect. Simulations from Figures 2.4.b and 2.5.b state that the electric field is enhanced for

longer wavelengths, i.e. near the longer wavelength that makes up the pPBG. It is also noticeable a gap at
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Figure 2.7: (a) IBZ of a square lattice. (b) Visualization of the path bandstructures are computed.

the symmetry point M. This feature is seen at oblique incidence (see Subsection 2.2.5), and shows the
same properties as the standard pPBG. The existance of this gap is due to the two dimensional waveguiding
nature of the structure, i.e. the 2D periodicity contained in the waveguide slab. This is further explained
in Subsection 2.2.5.

2.2.3 Variation with thickness

After a more general understanding of the system’s photonic properties, the thickness of the SizN4 coating
was changed in order to study the effect of coating thickness on the photonic response of the system.
Reflectance at normal incidence was simulated for 6 and 60 nm, in addition to the aforementioned 30
nm, for both polarizations. These results are presented in Figure 2.8.
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Figure 2.8: Reflectance at normal incidence for different SisN, thicknesses and water as the immersion medium
with (a) p-and (b) s-polarized light: 6 nm (black), 30 nm (blue) and 60 nm (red).

It is noticeable, by analysing Figure 2.8, the red-shift on the central wavelength for both polarizations
as the coating thickness increases, since the effective refractive index of the sPhC also increases, which
agrees with Bragg-Snell’s Law. This, however, does not necessarily change the size of the pPBG signifi-
cantly, since it is directly related to the refractive index contrast between the bulk of the crystal and the
medium filling the pores [28], and since materials do not change, the width of the pPBG varies only slightly.
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Figure 2.8.b shows this behaviour for s-polarized light; it is noticeable the rise of the peak adjacent to the
central peak, especially for 60 nm. Since the FDTD simulates a perfect photonic crystal, i.e. without irreg-
ularities on the surface so no surface effects are taken into account, this can be explained by numerous
internal reflections throughout the whole structure, mainly in in the silica-SisN4 and SisN4-pore interfaces,
in addition to the net back-reflections at both ends of the structure, accounting for the growth of the peak.
Figure 2.9 demonstrates the mapping of the spectral position of the pPBG with the central reflectance
peaks at the symmetry point X. It is clear the shift of the pPBG to lower energies, furthering the fact
that it shifts to the NIR. A special mention must be made to the graph of 60 nm of s-polarization, since it
shows two identical peaks, which could induce in error when analyzing the actual position of the pPBG.
The mapping with the dispersion relation proves that this pPBG correponds to the first peak (at a higher
energy) instead of the second one, which may be a result of cumulative back-reflections. A slight difference
on the width of the gaps and on the position is seen since bandstructures are computed assuming the
complex geometry of the pores as cylinders with an weighted-average refractive index. Notwithstanding
that, the results show consistency and match the observations that were previously expected. Table 2.1
shows the properties of the pPBGs extracted from the simulations. The results given by the simulations
are a bit counterintuitive in terms of the size of the FWHM since, in the usual knowledge of PhC theory,

these should increase when the effective refractive index increases.
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Figure 2.9: Mapping of the dispersion relation at the vicinity of the symmetry point X for girdle band structures
coated with SisN4. a) p-polarization and b) s-polarization for all three thicknesses: 6 nm (left), 30 nm (middle) and
60 nm (right).

Table 2.1: Simulated pPBG properties for SisN4-coated girdles

p-pol 6nm 30nm 60nm s-pol 6nm  30nm 60nm
Ac (nm) 7949 857.0 872.7 Ac (nm) 7915 8549 863.9
FWHM (hm) 299 26.0 378 FWHM (nm) 258 16,5 35.9
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2.2.4 \Variation with material

Coating the girdle band structures with higher refractive index materials red-shifts the pPBG; at the same
time, it increases significantly the FWHM due to higher refractive index contrasts. To study this effect, the
previously studied 30 nm coating of SisN,4 will be taken as a reference for comparisons with to coatings of
the same thickness of TiO, and Si. Figure 2.10 displays the reflectance at normal incidence for all three

materials.
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Figure 2.10: Reflectance at normal incidence for all three coating materials with a thickness of 30 nm and water
as the immersion medium: SisNy4 (black), TiO5 (blue) and Si (red). a) p-and b) s-polarization.

It can be seen that the FWHM of the reflectance peak widens when increasing the refractive index of
the inserted material in both polarizations. In addition, the central wavelength of the reflectance peak red-
shifts to higher wavelengths in the NIR region, meaning a pPBG located at lower energies with inhibition
of a wider range of light modes, thus concluding that a PhC with higher refractive index materials leads to
wider photonic bandgaps as stated in Gyu Han et al [48]. The reflectance also increases with the refractive
index of the crystal, a result that agrees with Fresnel’s equations for reflectance at normal incidence, where
the reflection coefficient r depends on both media where light is propagating (Equation 2.3), in this case
would be water inside the pores and the modified bulk, and increases with the refractive index contrast.

2

ng,0 — NsphC

o (— : ) 23)
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The Si-coated sPhC displays a wide pPBG in the NIR which can be of interest for applications such as
optical communication and telecommunication [92]. Introducing materials with higher refractive indices
seems to also increase the number of internal reflections due to the modification made to the diffraction
grating nature of the sPhC, since light is dealing with three different dielectrics, as it is noticeable for
the cases of TiO, and Si. These secondary oscillations may be interpreted as Fabry-Perot fringes due to
internal reflections, not only by both ends of the structure but also within the refractive index gradient in
the pores. Table 2.2 displays the results of the photonic response relatively to the plots above.
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Table 2.2: Simulated properties for all three materials

p—pol Si3N4 TIOZ Si S-p0| Si3N4 TlOg Si
Ae (nm) 857.0 868.1 1126.2 Ace (nm) 8549 872.3 1061.7
FWHM (hm) 26.0 356 134.3 FWHM (hm) 165 36.2 163.5

2.2.5 Angular incidence

All simulations from the three previous subsections were carried out with light focusing on the girdle band
structure at normal incidence. Varying the angle of incidence reveals some features that normal incidence
is unable to display, such as a blue-shift in the spectral position of the pPBG [62, 87] and higher order
reflectance patterns, multiple of the Bragg frequency [93]. As stated from Equation 1.3, the spectral
position of the pPBG blue-shifts as the absolute value of the angle of incidence increases, meaning the
it will be located at higher energies in the bandstructure, since the wavevector changes according to the
angle of incidence. It is also expected a decrease on reflection for p-polarization and consequently an
increase for s-polarization for angles above the Brewster's angle [94]. Figure 2.11 shows the reflectance
as a function of wavelength and angle of incidence for the 30 nm thick SisN4-coated girdle band structure.
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Figure 2.11: Angle-dependent reflectance for a 30 nm deposition of SisN4 with water as the immersion medium.
a) p-polarization. b) s-polarization. Items (1) and (2) correspond to the simulated angular reflectance of the structure
and linear fit of all central wavelengths at all computed angles, respectively.

By analysing the contour plots from Figs. 2.11.a and 2.11.b, it can be seen that the spectral position
of the pPBG blue-shifts when increasing the angle of incidence as predicted in Equation 1.3. Furthermore,
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the reflectance values of the central peak decrease as the angle increases for p-polarized light, reaching
a minimum at the Brewster's angle, where from this angle on the reflectance for s-polarized light keeps
rising; for smaller angles, though, reflected light is mostly p-polarized, in which explains the difference in
the width of the peaks in Figures 2.4.a and 2.5.a. For both polarizations, the previously mentioned peak
adjacent to the central peak shows the same behaviour as the latter, in terms of angular dependence
and even increased/decreased reflectance values. Since the software considers a smooth surface, this
second peak is probably not due to a surface effect but rather a combination of higher order modes and
internal reflections, which shows the same optical features as the pPBG. This effect is particularly sensitive
to high refractive index contrasts [62], which could explain the increased reflectance as the thickness and
refractive index of the inserted material increases. The graphs on the right column of Fig. 2.11 plot the
squared values of the central wavelength of the reflectance peak respective to the squared sine of the
simulated angles of incidence, A2 = A2(sin? 6). A linear fit of these values, shown in red, corresponds to
the theoretical Bragg-Snell's Law, shows a very reliable fit to plotted data. From this fitting, the effective
refractive index of the sPhC was extracted, with a value of 1.50 + 0.04 for the 30 nm thick Si;N4-coated
girdle structure, considering both polarizations. This value is higher than the one calculated for the bare
girdle band structure, confirming a higher sPhC effective refractive index. With this value, the Brewster's
angle, 0g, can be calculated, since

0g = arctan (n_z) (2.4)

nl

where n; is the incident medium, water, and n, the effective refractive index of the sPhC, obtaining
0p ~ 48°, which shows a close result when comparing with the contour plots of Figure 2.11. A secondary
pattern appears around 6; ~ 40° at lower wavelengths, crossing the pPBG at 6; ~ 50°. This pattern
results from the two dimensional waveguiding of the sPhC, in which in-plane diffraction of guided modes
over the period in the y—direction is happening. Similarly to the reflectance peak at normal incidence
mapping the pPBG at the band-edges in the I' — X direction, this feature represents another pPBG that is
opened between the set of guided modes at the vicinity of the M—point. This feature is also present for
the other simulated materials, concluding that is only noted for light focusing at oblique incidence, i.e. in
the I’ — M direction or vice-versa. These simulations were also carried out for TiO, and Si, as well as the
effective refractive index approach, obtaining values of nerr = 1.565 +0.012 and nrr = 1.925 + 0.004,

respectively, for 30 nm thick coatings.

2.2.6 Thickness optimization through enhanced confined electric field

The study made on this subsection focuses on finding out the thickness of each deposited material where
confinement of light is enhanced the most by simulating the electric field intensity that concentrates inside
the pores. The intensity evaluated is the ratio of the incident electric field | E;|* and the electric field inside
the pores, |E,|?.
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As stated before, the electric field concentrates most of its energy at the regions where the dielectric
function is higher, at w_ in the dielectric band, and the confinement of modes is enhanced for wavelengths
near the band edges due to the low group velocity of light when propagating on the crystal. For that
reason every plot shown in Figure 2.12 corresponds to wavelengths where the field inside the pores is
enhanced the most. Simulations for all three materials with the previously mentioned thicknesses, at both
polarizations, have shown an overall preference for thicknesses of 60 nm for SisN4 and TiO5 and 30 nm
for Si in terms of light confinement. From these simulations, when changing the deposited material to
another with a higher refractive index, the intensity of electric field inside is higher, which may suggest a
more efficient trapping of modes with greater lifetimes.

The fact that a coating of 30 nm of Si may improve light trapping than a 60 nm coating can be
explained by its low absorption coefficient at higher wavelengths, since the pPBG for the latter lies well
beyond 1100 nm, wavelength at which silicon becomes transparent and thus does not absorb light at all.
Table 2.3 shows the results taken from this analysis, as well as the wavelengths where these plots were
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Figure 2.12: Confined electric field within a pore simulated for all three materials. The plots here displayed are
only for thicknesses where the enhancement of confined electric field was maximum. (a) 60 nm of SisN4. (b) 60
nm of TiO,. (c) 30 nm of Si. ltems (1) and (2) for each material correspond to p- and s-polarization, respectively.

Table 2.3: Results from simulated electric fields confined within the girdle band structure.

p—pol S|3N4 TIOz Si S-pOl S|3 N4 TIOZ Si

Thickness (nm) 60 60 30 Thickness (nm) 60 60 30
A (nm) 904.1 1042.2 1119.0 A (nm) 891.4 1021.4 11195
|E|* 888 10.10 10.50 |E|* 878 1370 42.40

2.2.7 Effect of the lattice geometry

Simulations above were carried out for C. granii girdle bands, which exhibit square lattices, as already
mentioned. This section takes care of studying the effect geometry of the arrangement of pores has on
the photonic response of the system. Coscinodiscus wailesii is a diatom species whose girdle pores are
arranged in a hexagonal pattern with a lattice constant of approximately 330 nm [62, 86]. Figure 2.13.a
corresponds to a SEM image, reprinted from Wardley et al [86], of a flat girdle band of C. wailessi species,
exhibiting in great detail its highly arrange hexagonal pattern of pores. The scale bars are 10 um for the left
image and 1 um for the one that displays the pore arrangement, on the right. Figure 2.13.b corresponds
to a cross sectional view of the pores from Kucki et al [95], in which the geometry shows similarities with
that from the C. granii girdle bands. The diameter of these pores can normally be bigger than the diameter
of pores of C. granii girdle bands, although for this theoretical study the same dimensions were used in
order to simplify the effect of the geometry of the lattice. The lattice constant was assumed to be 330 nm

and the immersion medium is water.
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Figure 2.13: SEM images of Coscinodiscus wailesii girdle bands. (a) Geometry of a flat girdle band, showing its
highly ordered hexagonal pattern. (b) Cross section showing the geometry of the pores. Images were reprinted from
Wardley et al [86] and Kucki et al [95], respectively.

Bragg-Snell's Law states that the central reflectance peak is directly proportional to the lattice’s in-
terplanar spacing D, at normal incidence. However, the latter depends on the orientation of the lattice
towards the incident light as it can be seen in Figure 2.14.a, corresponding to Orientation 1, and Figure
2.14.b, corresponding to Orientation 2, where incoming light is perpendicular to the family of planes (110)
and (100), respectively.

(a)

=l

Figure 2.14: Orientations of the girdle band structure at which light was shone. (a) Oriantation 1. (b) Orientation
2.

The lattice constant of a hexagonal lattice can be decomposed by two projections in the x and y
axis; these projections are indeed the correponding distances between the planes that intersect each set
of pores in the z axis. A geometrical analysis of Figure 2.13 concludes that the respective interplanar
distances are D; = acos 60 = 165 nm and D, = asin 60 =~ 285.8 nm. These values agree with the
general expression for the interplanar spacing between a family of planes (hkl) for hexagonal lattices:

1 _ghz+hk+k2 I?

= + —_
2 2 2
dhkl 3 a c

(2.9)

where h, k and [ are the Miller indices.
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These differences in central peaks are depicted in Figure 2.15, alongside comparisons with simula-
tions made for the bare C. granii girdle band structure presented in Subsection 2.2.1. The direction of
light shining at these structures is such that the lattice constant for the C. granii girdle bands matches
the interplanar distance. It is noticeable the difference between the peaks obtained for both geometries
as a consequence of the interplanar spacing: Orientation 1 displays a reflectance peak at A = 677.8 nm
whereas light shining on Orientation 2 gives rise to a reflectance peak at A = 786.9 nm, thus agreeing

with Bragg-Snell’s Law.
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Figure 2.15: Comparison between both orientations for girdle band structures from C. wailesii (Orientation 1 in
blue and Orientation 2 in red) and C. granii, in black. Simulations were made with water as the immersion medium.
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Figure 2.16: Angular reflectance for both Orientations. (a) Orientation 1. (b) Orientation 2. Simulations were
made with water as the immersion medium.
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Focusing light on the crystal at Orientation 1 is not a new discovery. Figure 2.16.a shows the angular
dispersion at this orientation. Itis seen a red-shift on the central position of the reflectance peak towards a
maximum at 6 =~ 30°, which is a rather odd behaviour. However, this only means that shining light at this
orientation would simply be equivalent at shining light at Orientation 2 with an angle of 30°. Moreover,
this means that light is shining towards the I" — M direction or vice-versa, which is 30° tilted relatively to
the I' — K direction (Figure 2.17), i.e. direction at which light is focused at Orientation 2.
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Figure 2.17: IBZ for hexagonal lattice.

2.3 Conclusions

This Chapter showed a theoretical study of the possible effects of introducing new materials on girdle
bands that exhibit a square lattice of pores by simulating the photonic response and considering coatings
as conformal thin films with the already mentioned thicknesses.

The main conclusion to take is the red-shift on the central wavelength when the effective refractive
index of the sPhC increases. It was also noted that the FWHM of the reflectance peaks are wider when
the refractive index contrast between the bulk of the sPhC and the immersion medium filling the pores is
higher, thus leading to a higher photonic strength. The asymmetry of the structure was also proven, as
differences at the central wavelengths for both polarizations, which are unusual in a conventional 2D PhC.

The study of band diagrams, or bandstructures, also served as a useful tool to further understand
how and where the pseudo-photonic bandgaps in the I" — X direction are positioned. The mapping of the
dispersion relation with the reflectance density of states showed to be a reliable and consistent one, despite
the slight difference in the structure used for the calculations of bandstructures, showing nonetheless to
be a good approach. Not only the existance of this gap was noted, but also a feature at the vicinities of
symmetry point M. This feature was also seen at the angular-dependence contour plots, as reflectance
patterns that would start to appear at larger angles. These patterns showed a behaviour similar to the
standard pPBG according to Bragg-Snell's Law, thus proving the two dimensional waveguiding nature of
the structure.

The electric field confined within the structure, due to total internal reflections, was analyzed at one
pore (one unit cell) and was revealed to be enhanced for certain coating thicknesses; it was also noted that
increasing the refractive index of the coating material would increase the amount of electric field confined.

Lastly, a brief study was made for a girdle band structure with a hexagonal arrangement of pores.
This geometry is more complex than the square lattice, since the lattice constant can be composed by two
orthogonal projections that correspond to the interplanar distance of each orientation light is shining on.
Two different reflectance results at normal distance were obtained for light shining at orthogonal directions
in the plane of the sPhC, as a consequence of the interplanar distance. This contrasts the square lattice,
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where shining light on an orthogonal direction in the plane of the sPhC would give the same results as the

ones studied in this Chapter.
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Methods and Measurements

3.1 Treatment of diatoms

The diatom species Coscinodiscus granii was the case of study throughout the whole Thesis. This means
that every measurement made and presented in this Chapter are relative to that species. This Section is
about how diatoms were treated, from their culture and nurturing to the methods of removal of the organic
part and separation of the pieces of the frustule, i.e. girdles and valves.

3.1.1 Diatom nurturing

Diatom species should be stored at an adequate medium, full of nutrients necessary to the formation of the
silica walls, i.e. the frustules. Diatom cultures should also be stored in places with good light conditions
and temperature so that reproduction can be as efficient as possible. In order to ensure these conditions,
strain K-1834 of C. granii underwent a process of nurturing that involved the creation of other cultures of
the same strain, increasing the reproducibility and keeping diatoms healthy. This process also served as
a way to have enough supplies of diatoms to carry out further measurements. Figure 3.1 shows the first
four cultures of diatoms. They can be found at the bottom of the flasks as brown coloured agglomerates,
although some of them can be suspended in the liquid. The nurturing process goes as follows. A flask

Figure 3.1: First four diatom cultures of strain K-1834 of C. granii species.
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is filled, about 40 ml, with the medium suitable for diatoms. This medium is called L1 (or F/2, the one
used and labeled in Figure 3.1) and is closely related to regular salt water from the sea, containing all
the necessary nutrients diatoms need to develop their exosqueletons [96]. Then, 1 ml of diatoms, from
a previous culture, is added to the new flask and stored in a place where sunlight shines as much as
possible, which in this case was next to the window at the service corridor of INL, as well as a regulated
temperature, about 19°C. This process is depicted in Figure 3.2.

It was noted that during the months of January and February growth was obviously slower, meaning
it took some weeks to visualize the brown agglomerates at naked eye. This is in contrast to the follow-
ing months, where they were already visible the day after the nurturing due to the good environmental

conditions.

Container with
L1 medium

. J
©

Empty Flask: Flask 1 with
Flask 1 L1 medium

Flask 1 with
diatoms

Previous culture Flask 1
of diatoms

Figure 3.2: Diatom nurturing.

3.1.2 Diatom counting

A further analysis on the concentration of diatoms after the nurturing process was made. The resulting
concentration of diatoms was calculated by counting the number of single specimen found in 1 ml. For this
purpose a Sedgewick Rafter counting chamber, consisting of 1000 squares, in a 50 x20 arrangement,
of 1 ul each, and a microscope were employed. A total number of 50 random squares with and without
diatoms were analyzed, counting the number of diatoms lying at each square. This process led to a value
of ca. 3080 diatoms mI™*, which is normally in accordance with previous studies.

3.1.3 Separation and cleaning of girdle bands and valves and removal of
the organic part

In order to study the different silica constituents of diatoms, the frustule undergoes a cleaning process.

To extract the silica constituents of frustules, the organic component of the cells, responsible for holding

valves and girdles together, needs to be removed. After the removal of the organic matter valves and
girdles eventually separate from each other. Two cleaning protocols were executed and are explained
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down below. The final result was the same for both protocols and the proof of cleaned samples is shown

only for one.

3.1.3.1 First protocol

20 ml of a stock diatom culture was poured into a beaker. Then, an equal volume of 30% H,SO4 was
added and the sample was gently agitated throughout. Saturated potassium permanganate (7-8 grams
of KMnO4in 100 ml of MilliQ water, freshly made) was added afterwards a little at a time, while gently
agitating. The sample bubbles up and turns brown at first; KMnO4 kept being added until the sample
reached a purple tint. This step is responsible for oxidizing the organic matter inside the cells. After that,
saturated (COOH), (10 g of (COOH), in 100 ml of MilliQ water, freshly made) was added a little at a
time while under gentle agitation, until the solution became transparent. Equation 3.1 summarizes the

aforementioned oxidation process:
2KMnO4 + 3H,SO4 + 5 (COOH)Z — Ky7S0O4 + 2MnSOy4 + 10 CO, + 8 H,O (31)

The resulting sample was then centrifuged at 3000 rpm for 20 min. The sample was concentrated to
about 5 ml and the excess supernatant was discarded and replaced by the same volume of MilliQ water
to resuspend the pellet. This centrifuge and rinse process was repeated several times until the sample
was clean. To further proof the success of this protocol, 100 pl of cleaned sample was examined at the
microscope. This cleaning protocol was adapted from Hasle [97]. Figure 3.3.(a,b) compares both states
of the samples, before and after cleaning, respectively. It is clear the separation of the different parts of
the frustule, as girdle bands appear almost perfectly round and the valves with the still-brownish colour.
After the cleaning process, a drop of 1 ml of sample was analyzed in order to count the existant number of

Figure 3.3: (a) Diatoms before cleaning process. (b) Diatoms after cleaning process. The separation between
girdle bands and valves is clearly seen in detail.

valves and girdles, similar to the diatom counting process, in which was obtained 1040 girdle bands ml~!
and 2340 valves mI~1, equivalent to a valve-to-girdle band ratio of 2.25. Theoretically, this disparity should
have been lower, since the number of valves and girdle bands in a single diatom frustule are usually the
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same. However, due to their larger size, valves tend to settle faster than girdle bands, who remain longer
in the supernatant. The protocol involves a supernatant removal to replace the acid for water and thus
some girdle bands may be lost in the process. This fact was also observed in Goessling et al [68].

3.1.3.2 Second protocol

To 10 ml of diatom solution, 1ml of 10% HCI was added, in order to remove CaCO5 deposits that precipitate
alongside the growth of the frustule [98]. Then, 2 ml of 30% H,SO4 were added, proceeded by 10 ml of
saturated KMnQ4. The sample was left for 24 hours, with occasional agitations. After that, about 10 ml of
(COOH), was slowly added while agitating the sample until it becomes transparent. The sample fizzed and
formed air bubbles in the process. The sample was centrifuged afterwards at 3000 rpm for 20 minutes,
followed by discarding the supernatant and resuspension of the pellet with MilliQ water. This protocol was
adapted from Christensen [99] and Lundholm et al [100]. The main difference between this protocol and
the previous is the addition of HCI, which will neutralize the alkaline components of the frustule [101], the
CaCOs5 deposits, revealing to be a more efficient method to clean diatom frustules, despite being slower,
since it the sample needs to be at partial rest for a full 24 hours, which also differentiates this method to
the first one.

Despite the successfulness of both protocols, the first was the one preferred to carry on measurements
thereafter, due to its easier and safer manipulation alongside its great results.

3.1.4 Morphological characterization

Analysis on the morphology of girdle bands were made by means of SEM and Energy Dispersive X-Ray
(EDX) measurements to visualize and study the periodicity and size of the pores, for further comparisons
that are discussed in Section 3.2.

Clean girdle bands were coated with 10 nm of gold by sputtering before the morphological character-
ization. This thin layer of gold provides a better sample conduction without charging the silica structures
and a homogeneous surface for analysis and imaging [102]. Figure 3.4 corresponds to a SEM image of
a flat girdle band taken with an applied potential of 5 kV. The scale bar for this image is 5 um. It is clearly
visible the highly ordered porosity arranged in a square lattice, also prove by the Fast Fourier Transform
(FFT) (lower left corner), which was processed by ImageJ software. The periodicity of this girdle band
was calculated in the x— and y— directions, a, and a, respectively, by counting the distance between 10
pores from 10 random rows in the respective axis and dividing the result by 10, in order to reduce the final
error. The measured lattice constants were a, = 290 £ 1 nm and a, = 293 + 2 nm. These values are
typical for girdle bands of C. granii species, and compatible with values obtained in the literature [62]. The
radii of the pores were obtained by calculating the effective area of 20 random pores and approximating
them as perfect circles of radius r. The value obtained was r = 83 + 6 nm, also in the range for this
species.
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Figure 3.5 shows the EDX measurement on the same girdle band, with the main elements of silica
having the highest peaks, oxygen and silicon, as well as the detection of gold as an indicator of the afore-
mentioned sputtering process. Elements like potassium and sodium are also detected with considerable
peaks. The presence of these elements must be due to some remnants of the medium diatoms were
immersed in, even before the cleaning process.

Figure 3.4: SEM image of a clean girdle band lying flat. The lower left corner shows the processed FFT of the
structure, displaying the ordered square lattice. The image on the middle shows a close view of the area where
pores were measured, with the image on the right showing the lattice constants on the x— and y— directions and
the radius of one pore. Scale bars displayed in the image on the left and in the middle one correpond to 5 and 3
Um, respectively.
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Figure 3.5: EDX measurement of a clean girdle band. The main elements of the silica structure are displayed
with the highest peaks, as well as the gold coating. K and Na peaks may be some remnants of the medium diatoms
were previously immersed in.

3.1.5 Optical characterization of bare girdle bands

The visualization and analysis of the photonic response of girdle bands (bare and coated) was carried out
using a Fourier Image Spectroscopy (FIS) setup (Figure 3.7). The optical characterization done throughout
this Thesis consisted on measuring the reflectance of the girdle bands at normal incidence, as well as the
angular dispersion. Every measurement was carried out at unpolarized light.
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3.1.5.1 Fourier Image Spectroscopy

The Fourier setup, sketched in Figure 3.7, was designed to operate in the visible region, as well as in
a small portion of the NIR, range of ~ 400-800 nm. The focal length of the lenses are represented
as double-sided arrows with the exception of the objectives, since these are not thin lenses. The setup
starts by coupling white light from a tungsten halogen lamp to a multimode optical fiber. The diameters
available on the laboratory for this type of fiber were of 25, 50, 105 and 400 um and they will determine
the size of the spot that is focused on the sample. A fiber of 50 um was coupled to the lamp and into
the system, producing a spot of ca. 2 um that focused on the sample (see Figure 3.8.b). This fiber size
was chosen since it is desired to characterize only one girdle band, mitigating the effects of neighbouring
structures. Light is then collimated with an objective lens and heads towards the microscope (depicted as
a microscope cage in Figure 3.7) - Nikon Eclipse Ti2. This scheme is simplified, since light operates in the
normal direction, creating a 3D system. Through a 50/50 beam splitter, light is normally focused into the
sample and then headed into two irises. The first iris regulates the size of the real image and the second
acts as a low-pass filter, having the same purpose as the first one but this time in the Fourier space. The
polarizer is used to select the polarization of transmitted light. Through two more beam splitters, light is
directed to four different detectors: three charge-coupled device (CCD) cameras ((A), (B) and (C)) and a
spectrometer. CCD camera (C) is coupled to a monochromator inside the black box and cameras (A) and
(B) capture the image in the real and Fourier spaces, respectively. Lg is used to translate the real plane
to a 2f distance away to reach one of the two aforementioned detectors. With the flip mirror on, i.e. up,
light is focused onto an optical fiber connected to the spectrometer. When the flip mirror is down, light is
headed to the spectrograph, that is composed by the CCD camera (C) and the monochromator, providing
a 2D array of sensors for wavelength reflection measurements with angular resolution. The spectrograph
used was the Acton SpectraPro SP-1250, the fiber-coupled spectrometer is the USB2000+ Spectrometer
and the CCD camera (C) is a Qlmaging Retiga R6 USB3.0 Colour. Measurements were carried out with a
100x oil immersion lens. This technique allows to increase the resolving power of the microscope. Using
the immersion oil between the objective lens and the glass slide that holds the sample allows for light rays
to propagate evenly, without significant refractions, since the immersion medium has a refractive index
close to that of the glass slide, providing a higher numerical aperture (NA) (about 1.44, higher than 0.95
for state-of-the-art objectives with air as the medium). Without the use of the immersion medium, light
rays at oblique incidence would be refracted at the glass-air interface and would not enter the objective
lens, resulting in the loss of information. The immersion medium employed was the Cargille Laboratories
immersion oil with a refractive index of 1.5150 + 0.0002. Figure 3.8.a is a sketch describing the direction
of focused incident light on the girdle band, shining in the plane of the sPhC, i.e. in-plane, rather than on
top of the pores (i.e. on a flat girdle, out-of-plane), as simulated in Chapter 2. This is also because previous
studies concerning the photonic properties of girdle bands also had the structures in this orientation. Every
measurement made throughout this Thesis, wether girdle bands were clean or modified, was carried out
in this orientation. Figure 3.8.b is an image of a water-immersed girdle band observed in the FIS setup
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with a 100x oil immersion lens with a high NA and a 50 um multimode optical fiber. It is clearly visible,

under these illumination conditions, the waveguiding nature of the gridle band of green light.
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Figure 3.6: Fourier Image Spectroscopy setup. (a) Multimode optical fiber coupled to the objective lens for light
collimation. (b) Inverted microscope (microscope cage). (c) Black box content. The main components are labeled:
flip mirror, spectrometer, CCD camera (C) and monochromator.
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Figure 3.7: Schematic of the Fourier Image Spectroscopy used for optical characterization.
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Figure 3.8: Measurement of girdle bands. (a) Orientation of the girdle band when light is focused. (b) Girdle band,

in water, observed with a 100x oil immersion lens and a 50 um multimode fiber, with a numerical aperture of 1.44.
The spot focused on the girdle is about 2 um.

Measurements at normal incidence

At normal incidence, 6;,. = 0°, the intensity of the reflected light is detected by the spectrometer and
plotted with respect to the wavelength of light. Aside from the reflection of the sample, rgmpie, @ measure-
ment on a reference, Trefs should also be made for normalization, obtaining the actual reflectance of the
sample, R. For these measurements, the employed reference was a silver mirror, since it shows a high
reflectiviy in the visible spectrum [103]. The optical background noise, N, is removed in the Spectrasuite
software, by inhibiting light to the spectrometer. Two measurements alongside noise removal are required

in obtaining the desired result:
Fsample — N
ref =N

R = (3.2)

The acquired data is then processed in OriginLab software. The exposure time was of 5 seconds, since the
spot is small, thus taking a longer time to obtain a significant result. This parameter could be increased
until before the reference reflection spectrum saturates.

Angular measurements

These measurements consist on focusing a light beam on the surface of a sample and obtain the angular
distribution of the reflected beam using Fourier optics [104]. The spectrograph available at INL is only
able to capture a wavelength range of approximately 32 nm at at time. For a wider range of wavelengths,
a MATLAB script was employed to couple and process the data from each of the intervals. As before,
the reflection measured from the sample must be normalized by one reference to obtain the reflectance
of the sample. The same silver mirror was used. The optical background noise is also considered.
This time, three measurements are required to obtain the result given by Equation 3.2: sample and
reference reflections and dark, the latter by inhibiting light to the spectrograph. The exposure time on
these measurements was of 10 seconds, since a lot of light is required due to the small spot given by the
fiber.
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Sample Preparation

In order to proceed with the optical measurements, it is necessary to prepare the samples beforehand.
This preparation involves immobilizing the girdle bands and valves on a 24 x 50 mm glass slide. Polylysine
is an organic compound of lysine cationic polymers, containing positively charged amino groups at pH 7.
Polylysine is normally used as a coating in tissue culture, providing good cell adherence when they are
attached to the coated surface [105] due to the electrostatic interactions between the positively charged
compound and negatively charged cells. This compound was then proposed to neutralize the surface of
the glass slide, facilitating the adsorption of girdle bands and valves.

The protocol of sample preparation goes as follows. First, 500 ul of polylysine is poured on the glass
cover slide and spread it all over the glass surface in order to get a larger immobilization area. After that,
the glass slide was let at rest for 5 minutes. After that, the residual liquid was disposed with the aid of
an air gun, since the compound should already be attached to the glass surface. Then, 100 ul of stock
solution of girdle bands and valves was poured on top of the immobilization area of the glass surface and
let it settle for 5-10 minutes.

Every optical measurement presented in this Thesis was made with MilliQ water as the immersion
medium. After a couple of hours, the water present in the sample eventually dries out; to carry on with the
measurements, 100 pl of MilliQ water is poured on top of the sample and let it rest for about 30 minutes,
so that it can infiltrate into the pores. Figure 3.9 represents a schematic showing the steps of the protocol.

(a) T (b)
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of girdle bands
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Figure 3.9: Sample preparation for optical measurements. (a) Immobilization of the glass surface with polylysine.
(b) Sample is deposited on top of the immobilized area.

After attaching the silica structures to the glass slide, optical characterization of said structures pro-
ceeded. First, and in order to have control samples for further comparisons, clean girdle bands immersed
in water underwent optical characterization. The microscope employed is an inverted microscope and
thus sample was placed on the microscope platform facing upwards, so that the immersion oil does not
harm the silica structures as well as to prevent harming the objective lens (see Figure 3.10). Several girdle
bands were measured, at different points. Figure 3.11 shows the photonic response measured on this
sample, in comparison with simulations from Chapter 2. The graph in Figure 3.11.a shows the reflectance
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Figure 3.10: Sample placed on the platform.

at normal incidence (I' — X direction) of three different girdle bands (in black) in comparison with the FDTD
simulation of the girdle-like structure (in blue). The measurement showed an average central wavelength
of 754.4 + 0.6 nm. The central wavelength was obtained by fitting a Gaussian function using OriginLab
software. This approach applies also for measurements with modified girdle bands. The position of this
peak usually floated between 750 and 755 nm for other samples of clean girdle bands, showing a high
conservation of the position of the pPBG. This result matches very well the central wavelength obtained
from the simulated structure, which was ~ 760 nm.

Figure 3.11.b shows the angle-dependence of the pPBG, as a measurement of reflectance as a func-
tion of the angle of incidence and wavelength. As expected, the pPBG appears at lower wavelengths at
higher angles of incidence, as predicted by Bragg-Snell's Law. Reflectance colorbars correspond to the
simulation and measurement halves of the graph; however, the maximum value (given in bright yellow
in the simulation and light blue in the measurement) is approximately the same. The angle-dependence
of the pPBG also matches the one given by the simulation. Hence, these measurements proved the
theoretical response given in Chapter 2 for clean girdle bands, whose structures had a highly ordered
arrangement of pores, thus corroborating the ordered porosity on the actual structures, in addition to the
SEM measurements in Figure 3.4.
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Figure 3.11: Photonic response of clean girdle bands, immersed in water. (a) Measurement and FDTD simulation
of the reflectance at normal incidence. (b) Angle-dependence of the pPBG shown by reflectance as a function of
angle of incidence and wavelength of light.
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3.2 Modification of girdle bands

As seen from Equation 1.3 and simulations from Chapter 2 the central wavelength of the reflectance peak
shifts when the effective refractive index of the sPhC, n., is modified. The methodology to tune the effective
refractive index of the sPhC was to obtain conformal growths of high refractive index materials of choice
on the surfaces of girdle bands (external and internal). Here, the modification of girdle bands involved two
methods: a functionalization process involving TiO, nanoparticles (NPs) and a conformal growth using
Plasma-Enhanced Chemical Vapour Deposition (PECVD) of a SisN,4 thin-film, each on separate samples
of clean girdle bands.

3.2.1 Titanium dioxide functionalization of girdle bands

As a first approach to manipulate the effective refractive index, girdle bands are funcionalized with TiO,
NPs. Due to its efficient photoactivity, previous studies have reported the functionalization of TiO, on
diatom frustules for their use in photocatalysis applications, such as air purification [106]. Modification
using TiO, was also reported to have been made in vivo, i.e. TiO5 was incorporated in diatoms while they
were growing their frustules [107].

In the functionalization process used here, the NPs are attached to the surface following an adsorp-
tion protocol involving a cationic polyelectrolyte monolayer. This monolayer will facilitate the electrostatic
interactions between the silica surface and the NPs since they are both negatively charged and hence
enhance the adsorption of the NPs (see Figure 3.12), since silica and silicate glass surfaces have been
reported to acquire a negative surface charge density when immersed in water, due to the dissociation of
silanol groups (see Equation 3.3) [108].

SiOH == Si0™ + H" (3.3)
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Figure 3.12: Sketch of the adsorption of the nanoparticles in the surface with the aid of the polyelectrolyte mono-
layer.

A solution of 0.2 mgml™! of 15 nm TiO, NPs suspended in a citrate buffer was used for the attachment
process. Previous studies have reported a negative surface charge of the same solution in the same
conditions by zeta potential measurements. Five Dynamic Light Scattering (DLS) measurements were

41



CHAPTER 3. METHODS AND MEASUREMENTS

executed in order to measure the average diameter of the NPs. The measured diameter was of 67 + 8
nm and a polydispersity index of 0.78. The size of the NPs suggests that they might not only get attached
to the surface of the girdle bands, but also enter the internal surface of the pores, i.e. the filling void, and
remain attached there. The reported polyelectrolyte best suited for the attachment of the nanoparticles
to the girdle bands was the poly(diallyldimethylammonium chloride) (PDDA). The attachment protocol is
described as follows. First, 272 pl of a 1 mg mI~! PDDA solution in 0.5 M of NaCl was added to 500
of a solution of clean girdle bands and valves. Then, it was placed on a vortex mixer at 500 rpm for 20
min. After that, the sample was centrifuged at 2600g for 30 min. After the centrifuge, the upper 600
of the supernatant were discarded and replaced by MilliQ water to resuspend the pellet. The latter and
the centrifuge steps were repeated two more times; in the second repeat the pellet was resuspended in
1090 pl of TiO, NPs solution in sodium citrate. The sample was then placed back on the vortex mixer at
500 rpm for 180 min and centrifuged at 2600g for 30min afterwards. This time, the upper 700 pl of the
supernatant were discarded and replaced by MilliQ water to resuspend the pellet, repeating the process
two more times, as before, leaving the functionalized girdle bands and valves suspended in MilliQ water.
The four main steps of this protocol are illustrated in Figure 3.13.

A4

PDDA + stock "
" - Vortex mixer at 500
solution of girdles
rpm
and valves

Figure 3.13: Main steps of the functionalization protocol.

The samples were then put on a glass cover slip (about 150 pl) and taken to the SEM-EDX laboratory
for morphological characterization and detection of Ti. Figure 3.15 shows the elements present on the
analyzed girdle band of Figure 3.14: this spectrum shows the existance of a Ti peak in the functionalized
sample, meaning that the NPs have been attached to the surface. Wether the NPs were adsorpted (entered
the pores) or just attached to the surface needed further analysis, shown in Figure 3.14: the analyzed girdle
band in Figure 3.14.a is completely filled with NPs, suggesting a successful attachment and adsorption
of NPs. The NPs, however, are more largely distributed on the valve, Figure 3.14.b, since the latter has a
larger area. Some clusters were formed, but it can be seen the the NPs attached to the surface regardless.
A peak of Al is also seen in this measurement; this is because the applied voltage had to be higher for the
detection of Ti, leading to a detection of elements in deeper regions of the sample (see Appendix B for a
brief explanation), including the stand that holds the samples, which is made of aluminum. It was, then,
obvious the attachement and adsorption of the NPs on both structures. Unfortunately, girdle bands lying
flat could not be found, which probably would have given a better picture of the adsorption of the NPs.
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Figure 3.14: SEM of TiO, functionalized samples. (a) Girdle band. (b) Valve.
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Figure 3.15: EDX measurements of a TiO, functionalized girdle band. The existance of a titanium peak ensures
the success of the deposition.

3.2.2 Optical characterization of titanium dioxide functionalized girdle

bands

Like on bare girdle bands, three different girdle bands, immersed in water, were measured. Figure 3.16
corresponds to the reflectance spectra obtained at normal incidence in comparison with the FDTD simula-
tion, (a), and with the clean sample, (b). The simulation performed for this case considers TiO, NPs with
a size of 67 nm randomly placed on top of the girdle-like structure, as well as inside the pores, instead of
the conformal coating seen in Chapter 2 and Appendix A, therefore the difference in the results. Nonethe-
less, there is a good match between the simulation and the real measurements. More importantly, the
average position of the central wavelength red-shifted ~ 20 nm, in comparison with the clean sample, at
an average central wavelength of 774 + 3 nm, thus changing the position of the pPBG. This means that
the surface has not only been successfully functionalized, as proven in the SEM-EDX measurements, but
also that the photonic properties have been tuned.

Although a red-shift was detected, this was not as large as the SisN4-coated girdle bands (analyzed in
the next Subsection), despite the refractive index of titanium dioxide being greater than silicon nitride’s.
A couple of points might be the reason for this: the functionalization with TiO, is made with NPs instead
of a thin-film. The SizNy4 thin-film is ideally coating the whole girdle band surface and even filling some
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pores; the NPs, however, are randomly attached to the surface of girdle bands, which may leave some
“empty” spots, i.e. without NPs, hence not fully coating the surface, leading to a rather low contribution
on the part of the NPs to the effective refractive index of the sPhC. Also, the concentration of cleaned
girdles and valves might not have been good enough, especially girdles. This can be improved, however:
after every centrifuge and before the discard of the supernatant, the sample should settle at least 30-45
minutes in order for at least 70-80 % of present girdles to settle in the pellet. This also applies for the
cleaning process.

Alternatively, the formation of clusters of NPs might also be a reason not only for the low red-shift, but
also the low reflectance. These clusters are such that, when adsorpted at the surface of a girdle band, the
pores are completely covered, thereby inhibiting the full sSPhC nature of the structure. The utilised setup,
that covers only a rather small portion of the NIR, only focusing on the visible range, can also be a factor,
since it is inhibiting some potential features that these modified structures may exhibit in the NIR region.

Notwithstanding, the functionalization of the surfaces revealed to be successful, albeit some improve-
ments will definately be needed. Figure 3.17 shows the angular dependency of the pPBG, showing the
already expected blue-shift for higher angles of incidence, noticing that the second pattern does not appear

in the measurement.
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Figure 3.16: Experimental (a) and FDTD simulations (b) at normal incidence for TiO, functionalized girdle bands
in water. The plot on the left compares the reflectance spectra of modified girdle bands TiO, NPs, in water, with
the respective simulation. The dimensions and structure for the simulation were adapted with randomly placed
nanoparticles all over the surface and inside the pores. The figure on the right compares the reflectance at normal
incidence of modified girdle bands, with TiO, NPs, with clean girdle bands, both in water.
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3.2. MODIFICATION OF GIRDLE BANDS

Figure 3.17: pPBG and in-plane diffraction of guided modes for TiO, functionalized girdle bands in water, shown
by reflectance as a function of the angle of incidence and wavelength of light.

3.2.3 Silicon nitride coating

The second method was to grow a SisN4 thin-film conformal to the external and internal (inside the pores)
surfaces of girdle bands, as simulated in Chapter 2. The deposition was made by PECVD, because it allows
us to have a conformal thin-film with a highly precise thickness. Moreover, the temperature achieved during
the process is lower than regular CVD, since higher temperatures could permanently damage the silica
structures. Four samples of clean girdle bands attached to a glass slide were placed on a silicon wafer
with strips of kapton tape to ensure no air is between the sample and the wafer. Then, a thin-film of 30
nm was deposited, with a rate of growth of 45 nm/min and an associated error of 4%. This thickness was
chosen based on the study of the theoretical photonic response in Chapter 2. The samples were then
optically characterized (see Section 3.1.5), proceeded by 10 nm sputtering of gold for posterior SEM-EDX
measurements.

Figure 3.18 corresponds to SEM images taken from a coated flat girdle band. Figure 3.18.a shows
the measured coated flat girdle band and the corresponding FFT, displaying once again the ordered ar-
rangement of the pores in a square lattice. Figure 3.18.b shows a closer view of the pores; here, the
coating is clearly visible as thick rings around and slightly filling the pores. It is also noticed that some
pores were completely filled, introducing some defects to the slab. The existance of silicon nitride in
the structure is proven by the EDX measurements on Figure 3.19; the same elements are displayed in
comparison with measurements made on the clean girdle, only this time with the addition of the nitrogen
peak. It is also to be mentioned that two SEM measurements were made on this girdle band, with two
different applied electrical potentials: 5 kV and 10 kV, since higher applied voltages allow to visualize the
morphology underneath a certain material, as stated before.

This technique allowed to measure the thickness t of the silicon nitride film. Figures 3.18.c1 and
3.18.c2 show the same set of pores of the same girdle band, with applied potentials of 5 an 10 kV,
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respectively. It is noticeable the difference in the pores, mainly the inexistance of the coating rings on
the second image, corresponding thus to an image of "bare pores”. The void radii, i.e. radii without any
filling/coating, are r and R, respectively. The thickness of the film was measured by using the same
approach as in the clear girdle band, only this time with a slight difference. The effective areas of 20
random pores were measured and the radius was obtained: R = 82 + 3 nm for the 10 kV measurement
and r = 54 + 3 nm for the 5 kV one. This difference in the void radii confirms the pore filling with a
thickness of t = 28 + 6 nm, which agrees with the value of 30 nm initially set for the deposition and the
error associated.

Figure 3.18: SEM of Si;Ny-coated girdle bands. (a) SEM image of a silicon nitride coated girdle band lying flat
and corresponding FFT. (b) Close view of the pores. It is clear the deposition, as thick rings on top of the pores. (c)
Images taken at different applied voltages: 5 kV (c1) and 10 kV (c2).

600

500

400+

300

Counts

200 Si

100

T T T T T T
0,0 0,5 1,0 15 2,0 25 3,0 35
keV

Figure 3.19: EDX measurements of a SisN4-coated girdle band. The existance of a nitrogen peak ensures the
success of the deposition.
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3.2.4 Optical characterization of silicon nitride girdle bands

This Subsection takes a look at the optical measurements on the Si;N4-coated girdle bands. Figure 3.20
shows the reflectance at normal incidence for these samples in water, in comparison with the FDTD
simulation (Figure 3.20.a) and with the clean girdle bands sample (Figure 3.20.b).

The FDTD simulation has a central wavelength, at the reflectance peak, at ~ 790 nm; this simulation
is slightly different from the particular case studied in Chapter 2, since it uses real parameters, extracted
from the SEM measurements. It also considers the pores to not be completly filled, since the real geometry
of diatom girdle bands displays a void that interconnects the pores on the inside (see Figure 1.7.b, the
darker pores on the rhombic chambers of the pores). It is also worth to mention that these samples were
optically characterized without the gold coating.

Three different girdle bands were measured, showing an average central wavelength of 787 + 8 nm.
The position of the pPBG red-shifted about 30 nm relatively to the clean girdle bands sample (Figure
3.20.b). This observation serves as a first proof that the insertion of materials on these silica structures
modifies its optical properties. Since SisN4 has a higher refractive index than silica, the effective refractive
index of the sPhC increases, leading to the red-shift of the pPBG, as seen in Figure 3.20.b; the coloured
vertical lines represent the mean central wavelength of clean (red) and SisN4-coated girdle bands (blue).
The disparity on the measurements between different girdle bands from the coated sample were a little bit
higher, since this effect tends to be more sensible when the refractive index contrast between the bulk of
the sPhC and the immersion medium is higher, as well as fact that some pores may have been completely
filled and/or even the existance of defects, i.e. regions on the slab without pores.

In Figure 3.21, it is seen how the pPBG behaves at variable angles of incidence. As expected, it blue-
shifts for higher angles of incidence. It is also noticeable the appearence of a second pattern at 8 ~ 20°
that red-shifts towards a maximum at 6 ~ 40°, crossing the pPBG, blue-shifting afterwards. The existance
of this second pattern, also noted in the FDTD simulation, corresponds to the in-plane diffraction of guided
modes and its behaviour is very similar to the pPBG. This must mean that this pattern is itself a pPBG
that appears at oblique incidence, more precisely at I' — M direction or vice-versa. The appearence of this
secondary pattern is also an indicative of the 2D symmetry of the girdle band and seems to also be an
enhanced feature when the refractive index of the sPhC, and thus the refractive index contrast, is higher
relatively to the clean sample, which does not exhibit said feature.
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Figure 3.20: Experimental (a) and FDTD simulations (b) at normal incidence for SisN4-coated girdle bands in
water. The plot on the left compares the reflectance spectra of girdle bands covered with SisN4, in water, with
the respective simulation. The dimensions used for the simulation were adapted from the values given by the
morphological characterization of the sample. The figure on the right compares the reflectance at normal incidence
of SisN4 covered girdle bands with clean girdle bands, both in water.
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Figure 3.21: pPBG and in-plane diffraction of guided modes for SisN4-coated girdle bands in water, shown by
reflectance as a function of the angle of incidence and wavelength of light.

3.3 Conclusions

This Chapter contains the experimental portion of the Thesis, from the types of measurements performed
throughout to the preparation of samples for such measurements, as well as the corresponding results.
The very first step was to expand the diatom culture once a month in order to have enough samples,
proceeded by counting the average number of healthy diatoms in 1 ml of solution. One of the most
important steps was the cleaning of diatom frustules, involving the removal of the organic matter and
separation of these silicate structures into girdle bands and valves. For this purpose, two successful
protocols were employed. Clean samples were then morphologically characterized. After the treatment
and study of clean samples, it was proceeded the modification of clean samples, with the main focus
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being the girdle bands, in order to detect any changes in the photonic response. SisN4 and TiO, were
the selected materials for this purpose, since their relatively high refractive indices have the potential to
modify with ease the photonic properties of girdle bands. The modification of girdle band surfaces was
achieved with two different methods: a solution of clean girdle bands was functionalized with TiO, NPs
following an adsorption protocol, while other clean samples were used as scaffolds for the growth of a
thin-film of SisN4 by PECVD. These samples, along with clean girdle bands as control samples, underwent
optical characterization, using a FIS setup, to detect any difference on the position of the pPBG. The pPBG
was studied by measuring the reflectance spectrum in the I' — X direction, i.e. at normal incidence, and
as a function of the angle and wavelength of incident light. As expected, modified girdle bands showed
considerable different photonic responses in comparison with the clean ones, mainly the red-shift on
the central wavelength and thus on the pPBG itself. The average positions of the measured pPBG for
each sample are in displayed in Figure 3.22, where it compares the spectral position of the pPBG of
the three measured samples. The angular measurements showed a blue-shift for all measured samples,
agreeing with Bragg-Snell's Law. These measurements also showed additional features that would only
appear at obligue incidence, like the existance of a second reflectance pattern at higher angles and lower

wavelengths, symbolizing the diffraction of in-plane waveguiding modes.
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Figure 3.22: Spectral position of the pPBG, as a measurement of the central wavelength at the reflectance peak,
for all three samples in water.
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4

Conclusions and Future Work

4.1 Conclusions

This Thesis is focused on the study of naturally produced materials from microalgae biosilica for light har-
vesting applications. Photonic crystals have shown in previous works that they can be used as alternatives
to thick c-Si films, as they possess reduced dimensions and are relatively less costly, not to mention the
efficienct enhancement they provide due to their ability to manipulate light at ease. A high demand of pro-
duction of these structures can be a negative point however, since fabrication of PhC involves advanced
cleanroom techniques, and the requirements of highly rigorous dimensions can make the process time
consuming and even a bit costly, which would be contradicting to one of their positive aspects.

Diatoms have previously been studied for photonic applications due to their high porous silica ex-
osqueletons, i.e. frustules, and even implemented in dye-sensitized solar cells (DSSC), reavealing an
efficiency enhancement. The work performed here, however, promotes the use of isolated girdle bands
instead of the whole frustule or even valves themselves, as these have already been commonly reported
in previous studies, wether for their use in photonic applications or others, whereas girdle bands have
certainly been overlooked. The advantages of the use of girdle bands are that, aside from their small size
in comparison to valves and whole frustules, they exhibit periodic patterns of pores that are highly pre-
served within different specimens of the same species. In an optical point of view, this results in preserved
spectral responses within a specific diatom species at low refractive index contrasts, i.e. when immersed
in water or other fluid with a refractive index close to silica's. Girdle bands, due to their structural nature,
have been referred to as natural sPhC, where the pattern of pores leads to the creation of pPBG. The
pPBG created by these structures were analyzed as reflectance measurements at normal and oblique
incidence, with water as the immersion medium. This way, with a low refractive index contrast, allowed
to only analyze the effect on changing the effective refractive index of the structures, without worrying
about the size of the pores. Firstly, a theoretical study was made. FDTD simulations were carried out,
simulating the photonic response of girdle-like structures. Bare and modified girdle bands were simulated.
The moadification of these girdle-like structures consisted on coating the structures with conformal films
of higher refractive index materials of choice. This would lead to an increase on the effective refractive
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index and consequently a change in the photonic response of the system. Once done, real measurements
proceeded with clean girdle bands. After studying the real photonic response of clean girdle bands, it was
proceeded the actual modification of said structures, by surface functionalization, in order to change the
effective refractive index. From the simulations, this change leads to a different spectral position of the
central wavelength at the reflectance peak. Firstly, girdle bands were functionalized with TiO, NPs follow-
ing an adsorption protocol; then, samples of clean girdle bands were coated with a thin film of SisN4. This
latter technique has been performed in 2D PhC in previous studies. After morphological characterization
to ensure the presence of these new elements, the modified samples underwent optical characterization.
The obtained results, although not completely matching the ones from the simulations performed before-
hand, revealed a red-shift on the central wavelength at the reflectance peak, meaning a change in the
position of the pPBG to higher wavelengths.

Therefore, girdle bands from diatoms revealed to be highly suitable for photonic and sensing appli-
cations due to their sPhC optical response. The high availability of these structures, combined with the
low-cost and facilitated and rapid production under controlled conditions, paves the way for the develop-
ment of photonic devices with reduced cleanroom techniques, serving as alternatives to nanofabricated
PhC.

Further investigations such as testing the operation of girdle bands on actual solar cell devices and
the insertion of Si were not performed in this work but we believe that the results presented here pave the

way for obtaining girdle bands whose optical properties can be tailored for such applications.

4.2 Future Work

As stated before, the study of the photonic properties of girdle bands from diatoms has been a bit over-
looked, considering their fascinating and preserved sPhC properties under low refractive index contrast
conditions. The work on these bio-nanostructures must then be taken to the next level.

Other species of diatoms, like C. wailesii, have been studied regarding their plasmonic properties.
The work performed throughout this Thesis could also be applied to these latter species of diatoms, since
the corresponding girdle bands exhibit an interesting hexagonal arrangement of pores.

Modification of lattice properties of these structures on-demand and during cell growth, for a certain
specific application, would also be a huge boost on this field of research. To date, there has not been
developments regarding actual manipulation of girdle bands lattice properties, since pores can have dif-
ferent sizes within a certain species, causing different optical responses, and the process of biosilification
is still widely unknown. To overcome these two obstacles, other strategies can be explored, such as in
vivo doping during frustule synthesis. This will alter the refractive index contrast of the bulk biosilica and
induce teratological alterations to the structure. This latter approach could also mitigate the trip to the
cleanroom for growing thin-films of higher refractive index materials on top of girdle bands, performed in
this Thesis for simplification purposes.
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A

Simulations

Appendix A contains all simulations executed throughout the whole Thesis to study the photonic response
of the girdle band structure when coated with different higher refractive index materials with different
thicknesses. Such simulations presented down below include reflectance and transmittance at normal
incidence, angular reflectance and the corresponding bandstructures. It is also explained the approach
used for calculating the bandstructures in Section A.3. The refractive indices for SisNg4, TiO, and Si were
calculated for A = 625 nm using the following dispersion formulas:

) - 3.024912 . 403141
ne. =
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) S 0
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APPENDIX A. SIMULATIONS

R vs T Si3N4 30nm P-Pol

0
650 700 750 800 850 900 950

A (nm)

R vs T Si3N4 60nm P-Pol
0.9

—R
0.8 T

0.7

0
650 700 750 800 850 900 950

A (nm)

Figure A.1: Simulated reflectance (in blue) and transmittance (in orange) spectra for SisN4 girdle band structures
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A.1. NORMAL INCIDENCE
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Figure A.2: Simulated reflectance (in blue) and transmittance (in orange) spectra for TiO, girdle band structures
immersed in water for both polarizations and all three thicknesses.
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Figure A.3: Simulated reflectance (in blue) and transmittance (in orange) spectra for Si girdle band structures
immersed in water for both polarizations and all three thicknesses.

Table A.1: Simulated pPBG properties at normal incidence for all three materials

SizNg TiO, Si
p-pol 6nm 30nm 60nm 6nm 30nm 60nm 6nm 30nm 60 nm

Apeak (nm) 7949 857.0 8727 8127 868.1 1001.4 8448 1126.2 13956
FWHM (nm) 299 26.0 378 334 356 67.3 516 1343 15038

SisNy TiO, Si
s-Pol 6nm 30nm 60nm 6nm 30nm 60mn$m 6nmm 30nm 60 nm

Apeak (NmM) 7915 8549 8639 806.6 8723 969.3 857.5 1061.7 1167.2
FWHM (nm) 258 165 359 295 362 1188 189 1635 1468

A.2 Angular reflectance

¢ Silicon nitride
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A.2. ANGULAR REFLECTANCE
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Figure A.4: Simulated angular reflectance for SisN4 coated girdle band structures immersed in water. Coatings
have thicknesses of (a) 6 nm, (b) 30 nm and (c) 60 nm. Items (I) and (ll) correpond to p- and s-polarizations,

respectively.

¢ Titanium dioxide
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Figure A.5: Simulated angular reflectance for TiO, coated girdle band structures immersed in water. Coatings
have thicknesses of (a) 6 nm, (b) 30 nm and (c) 60 nm. Items (I) and (ll) correpond to p- and s-polarizations,

respectively.

¢ Silicon
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Figure A.6: Simulated angular reflectance for Si coated girdle band structures immersed in water. Coatings have
thicknesses of (a) 6 nm, (b) 30 nm and (c) 60 nm. Items (I) and (ll) correpond to p- and s-polarizations, respectively.

As stated in Subsection 2.2.5, in Chapter 2, the refractive index is extracted by using a linear fit on a plot
containing the squared values of the central wavelengths and the squared sines of the respective angles,
A? = A2(sin 0?). The values displayed in Table A.2 correspond to the effective refractive index calculated

for both polarizations in the form of average and standard deviation

n=nzxo
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where
ny + ng

2
is an average from the refractive indices from p-and s-polarizations, n, and n; respectively, and

\/ (ny — )2 + (n, — )2
o= 2

is the standard deviation of the “sample”.

n=

Table A.2: Effective refractive indices for all three materials

SizNyg TiO, Si
6 nm 141+£001 147+001 1.49+0.02
30nm 150+0.04 157+£001 1.925+0.004
60nm 1538 +0.005 1.73+0.02 2.33+0.12

A.3 Bandstructures

The bandstructures of the studied structures were calculated by simplifying the complex geometry of the
pores into a two-dimensional problem, i.e. by approximating them as cylinders that occupy the same
volume in a unit cell with an average-weighted refractive index n. The steps are illustrated in Figure A.7.
As known from Goessling et al [62], a single pore occupies about 30% of the total volume of a unit cell.

—

2r L2
d | —
Ncoating n
Nmedium
S

d:.
Figure A.7: Transformation process of girdle bands pores into equivalent cylinders.

=n

— e

d

The volume of a unit cell is

Veent = a’h
where a is the lattice constant and h the height, which corresponds to the height of the pore. From this,
the radius of the equivalent cylinder (in orange) can be calculated, knowing that its volume, Vpre = nr’h
where r is the radius of the cylinder, is 30% of the cell's volume, V,ore = 30% V1, and solving for r

a?
r=14/30% X —
T
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The refractive index of the cylinder is a weighted-average of the coating material and immersion medium

refractive indices, ncoating and Npedium, respectively

Zi niw;

S, (A.1)

A=
The weights in Equation A.1 are the volume fractions occupied by the coating, V.4 and by the immersion
medium sans coating, Vi,.q4ium, Over the total volume of the equivalent pore (middle sketch in Figure A.7).
From this, the weighted-average refractive index of the equivalent cylindrical pore can be calculated:

. 1
n= (nmedium-Vmedium + ncoating~Vcoating) X =
Vpore
(A.2)
Vmedium V:Dore - Vmedium

= Nmedium- Neoating-

Vpore V}Jore

where Vipegium = 7(r —d)?h. This way, 71 is a function of the refractive index and thickness of the coating

material. Below are displayed the calculated bandstructers following this approach.
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Figure A.8: Bandstructures for SisN4 coated girdle bands (with the aforementioned conditions and immersed in
water), displaying guided modes (solid lines), below the light cone, and modes that couple with radiation modes
(dashed lines) in the light cone region. TE modes are displayed at the left and TM modes at the right. Coating
thicknesses: (a) 6 nm, (b) 30 nm and (c) 60 nm.
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Figure A.9: Bandstructures for TiO, coated girdle bands (with the aforementioned conditions and immersed in
water), displaying guided modes (solid lines), below the light cone, and modes that couple with radiation modes
(dashed lines) in the light cone region. TE modes are displayed at the left and TM modes at the right. Coating
thicknesses: (a) 6 nm, (b) 30 nm and (c) 60 nm.
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Figure A.10: Bandstructures for Si coated girdle bands (with the aforementioned conditions and immersed in
water), displaying guided modes (solid lines), below the light cone, and modes that couple with radiation modes
(dashed lines) in the light cone region. TE modes are displayed at the left and TM modes at the right. Coating
thicknesses: (a) 6 nm, (b) 30 nm and (c) 60 nm.
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B

Methods and preparation for measurements and
additional work

Here are how some solutions were prepared, as well as some brief explanations on how the equipments
used for measurements work. It is also prsented the poster presentation developed for the NASCADIA
project.

B.1 Preparation of solutions

This Section talks about the prepare of some of the solutions that played a role throughout the Thesis,
mainly in the frustule cleaning and surface functionalization protocols.

* HCI

The HCI concentration available at the lab was of 37%, hence dilution was needed in order to
prepare 10% HCI to carry out with the experiments. Using the dilution formula (Equation B.1)

Civ; = CfUf (B.1)

where c; is the initial concentration of solute (37 % HCI), v; the initial volume of HCl to be used, ¢ the
final concentration (10% HCl) and v¢ the volume of the diluted solution, the desired concentration
was prepared, considering vy = 50 ml and obtaining an initial volume v; = 13.5 ml. The final
volume is such that:

13.5ml HCI
Vf = = 50ml (B.2)
36.5ml MilliQ water

The sample was then taken to a vortex /mixer for about 30 minutes at 500 rpm.

* KMnO, and (COOH),

The preparation of KMnO4 and (COOH), solutions were similar. 8 grams of KMnO,4 were added to
100 ml of MilliQ water contained in a beaker, while 10 grams of (COOH), were added to another
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beaker containing 100 ml of MilliQ water as well. These solutions were then placed on a magnetic

stirrer for 60-90 minutes.

* TiO; NPs

The provided TiO, NPs in the citrate buffer had an initial concentration of 13 mg mI=!. The protocol,
however, reported the use of a concentration of 0.2 mg mi~1. For simplification, the NPs solution
was diluted in MilliQ water: an initial volume of 0.5 ml of NPs was used which, according to Equation

B.1, the final volume of the diluted solution was

0.5ml of NPs
Vg =32.5ml = (B.3)
32.0ml of MilliQ water

The sample was then put on a vortex/mixer for 90 minutes at 500 rpm.

B.2 Fourier Image Spectroscopy

The FIS setup used throughout is explained in Chapter 3, Subsection 3.1.5.1. Before proceding with
the measurements themselves, several pictures of girdle bands were taken with 40x and 100x objective
lenses, as well as multimode optical fibers with diameters of 50, 105 and 400 um. Below, are the images

taken with these components.

Figure B.1: Images of girdle bands taken with a 400 um fiber and 100x oil immersion lens.

Figure B.2: Images of girdle bands taken with a 105 um fiber and 40x objective lens.
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B.3. DYNAMIC LIGHT SCATTERING

B.3 Dynamic light scattering

Detection of scattered light from matter is a useful technigue in the study of specific properties of macro-
molecules in a solution. Conventional DLS experiments use a monochromatic wave of light that shines
on an exposed sample and a detector that receives the incoming signal, i.e. the scattered light [109],
as depicted in Figure B.3. DLS measures the Brownian Motion of particles in a dispersion in order to

Detector

Solution

g
Source \ @ —scattering angle
\

Figure B.3: Basic principle of a DLS measurement.

determine their hydrodynamic size. When incident light of some wavelength shines on particles staying
still, the measured scattering intensity is constant. In a solution, however, the intensity of scattered light
fluctuates over time due to the scattering of randomly diffusing particles, resulting in a fluctuating intensity
signal. Several snapshots are taken rapidly one after another, in the range of ns-us, and comparisons
are constantly made with the original snapshot, in a process called auto-correlation and will generate an
auto-correlation function. The further in time snapshots are, less similarities and therefore less correlation.

The generated auto-correlation function enables the extraction of diffusion coefficients, D, which are
related to the hydrodynamic size of the particles by the Einstein-Stokes equation:

_ kgT
e 37mnD

(B.4)

where dg is the hydrodynamic size of the particles at a corresponding diffusion coefficient D, kg =
1.38 X 1072 m? kgs~2 K~ ! is the Boltzmann constant, T is the temperature and 7 the viscosity of the
medium. DLS measurements were carried out at a temperature of 25°C, with a medium viscosity of
0.895 mPa.s.

B.4 Scanning electron microscopy and energy dispersive
x-ray analysis

SEM, alongside EDX measurements, provided additional information about the composition of girdle bands
and served to ensure that the modified samples had been successfully functionalized. A schematic of
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Figure B.4: Schematic of a scanning electron microscope. Reprinted from A. Mohammed et al [110].

the scanning electron microscope is displayed in Figure B.4, reprinted from A. Mohammed et al [110].
The electron gun is responsible for generating a high energy electron beam. The condenser lenses will
decrease the beam spot, in order to produce sharper images, and direct it onto the sample. The electrons
collected from the final lens interact with the sample itself and will generate the signals to produce an
image. The coils are responsible for the raster-scanning of the sample, by moving the beam to discrete
locations in the form of straight lines until a rectangular raster is produced on the surface. The interaction
between the electron beam and the sample generates two types of electrons: secondary electrons (SE)
and backscattered electrons (BSE). These are collected by their respective detectors. Both will be collected
if the voltage on the collector is positive, whereas for negative voltage only backscattered electrons are
collected. Figure B.5 shows two images of the same girdle band taken with SE, (a) and BSE, (b). BSE
result in the elastic collision between electrons and atoms. An atom with a high atomic number scatters
a higher number of electrons resulting in a higher signal. BSE help detect different phases in a specimen
by providing imaging that carries information on its composition. SE result from collisions between the
primary electron beam and the sample and have lower energy than BSE. These are more useful for

topological analysis. The X-ray detector will collect the x-ray photons generated when the electron beam

Figure B.5: SEM images with two types of electrons. (a) Secondary electrons. (b) Backscattered electrons.
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penetrates and interacts with the volume beneath the surface of the specimen. These photons have
particular energies to constituent elements of the analyzed specimen. The EDX detector separates the
characteristic x-rays of various elements within the specimen into an energy spectrum, which is then
analyzed by a computer software to determine the amplitude of a specific element. EDX serves as a tool
to determine both qualitatively and quantitatively the chemical composition of a certain sample.

B.5 Plasma-enhanced chemical vapour deposition

PECVD is a chemical vapour deposition technique where chemical reactions occur after the creation of
a plasma. Figure B.6.a shows a schematic of the inside of a PECVD machine. The plasma is created
by an AC or DC discharge between two electrodes that ionize the mixture of the inert and reactant gases
that fill the space between. The ionized molecules of the inert gas will help in the dissociation of the
reactant gases, which in turn can react with other gas molecules or on the substrate material to form a
new compound at the surface. The main reasons that lead to the choice of PECVD for the deposition
of SigN4 were its low working temperature (ranging from 250 to 350 ° C [111]) and the uniform and
conformal depositions, with low porosity, that can be able to fit the complex and porous geometry of girdle
bands. The process was also relatively quick, with the machine reaching a deposition rate of ca. 45
nm/min. Figure B.6.b shows the samples attached to a silicon wafer after the deposition.
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Figure B.6: (a) Schematic of a PECVD machine. Reprinted from [111]. (b) Samples in a silicon wafer after
deposition.

B.6 Poster presentation

Below is the poster presentation developed and presented at the 12t Ibero-American Congress on Sensor,
Ibersensor 2022, at the University of Aveiro.
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MODIFICATION OF NATURAL PHOTONIC CRYSTALS BY o
TAILORING OF THE REFRACTIVE INDEX CONTRAST S

Rafael Vilarinho?, Rita Rocha?, Vera Cardoso?, Johannes W. Goessling?, Martin Lopez Garcia?,

Natural and Artificial Photonic Structures and Devices Group, International Iberian Nanotechnology Laboratory, Av. Mestre José Veiga, Braga 4715-330, Portugal % Z e o
2Centro de Estudos do Ambiente e do Mar (CESAM), Department of Biology, University of Aveiro, Campus de Santiago, Aveiro 3810-193, Portugal /4

Naturs and Arfica Poton Structures

‘Introductlon

Photonic crystals (PhCs), nanostructures characterized by defined periodic wavelength-scale patterns, are ly produced in cl involving precise

nanofabrication techniques. Recent research confirmed that natural PhCs also exist in the silicon dioxide shells of di; i.e. abund i Igae that can precipi

silicic acid from water. The highly ordered natural lattices open ph ic band with reproducible and ll-defined spectral properties, enabling utilization as
Ily friendly ph ic materials. Here we show the preparation and modification of the natural photonic structures, by tailoring refractive index contrast

bling a variety of lications includi ing by colorimetry or refractive index change detection.

Girdles are circular silica slabs perforated with periodically separated pores arranged in
various geometries, including square and hexagonal lattices.

|Diatoms are living photonic crystals

The volume occupied by pores
determine the effective refractive
index of the sPhC. Tuning the
refractive index contrast between
the bulk and the immersion medium
modifies the photonic response of
the system.

500 nm

Pore separation is defined by the
lattice  constant, which differs
between diatom species, but is
highly  preserved for different

. . . =10} 1 flsastemeiy indivudals of the same species [1].
Diatom microalgae live in lakes and  E '
rivers. They precipitatate silicic acid e Main Goals
forming silica exosqueletons called § %
frustules, composed by valves and £ 05 Introduce diatom biosilica as biomaterial for
girdle bands. % light-harvesting applications

© simuation Na Tunability via bio-silica doping with higher
0.0 refractive index materials (e.g. TiO2)
650 700 750 N N "
Wavelength(nm) 6 (deg) m] Eco-friendly and cost-effective alternative to
nanofabricated photonic crystals

Effect of refractive index changes
FDTD simulations Sample preparation:
Simulations of the photonic response for the doped structure are A full methodology for girdle band extraction and its preparation for photonics
performed in the comercial tool Lumerical for the species C. granii with applications was developed earlier [2]

Si,N, and TiO,. é

Removing Separation
organic
component
Tansance
o
I | | I ) Isolahonl
Sputtering Orientation

Deposition of thin-film materials will allow the tuning of the photonic properties
according to the simulations

Reflectance,
‘monitor

Source.
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@ouBlOaljeY

Key results

Q Red-shift in the position of the bandgap and increase of its width as the
refractive index contrast increases

0 Deposition of 60 nm of Si3N4 and TiO2 enhance light absorption

0 Bandgaps located in the near infrared region (NIR)

0 Sample processing methodology ready

700 750 800 850 900 950
A (nm)

|Conc|usions

O Tunability of natural photonic properties by tailoring the refractive index contrast, with doping of higher refractive index materials
Q High availability of diatom species accounts for a larger use of biomaterials in light harvesting applications, serving as an alternative to cleanroom nanofabricated PhCs

Q The red-shift of the photonic bandgaps opens the door for applications for the NIR such as gas sensing and telecommunication
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