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Introduction and key concepts

Throughout the history, incredible advances have been achieved regarding the
basic understanding of light nature, as well as its use and manipulation. We
know that mirrors fabricated with polished copper were already used in the
ancient Egypt and that the rectilinear propagation of light, as well as reflec-
tion and refraction phenomena, were familiar to the Greek civilization. From
those initial studies in optics to the dispersion experiments of Sir Isaac New-
ton and his corpuscular theory of light, to the wavelike behavior defended
by Christiaan Huygens, to the double slit interference experiments carried
out by Thomas Young, a long path was covered. The 19" century was a
golden period for optics, for example with the contributions of Michael Fara-
day unraveling the relation between light and electromagnetism and James
Maxwell mathematical unification of phenomena in terms of a series of ele-
gant equations (this year celebrates their 150" publication anniversary). A
huge revolution also took place during the 20" century with the establish-
ment of quantum mechanics and the wave-particle duality. Applied optics
flourished considerably, especially in the second half of the century, with the
invention of the laser, the optical fiber and, more recently, solid state devices.

Nowadays, light technologies are fundamental in areas such as illumina-
tion, information transmission and storage, sensing, medical diagnostics and
energy, just to number a few. The essential role of light in our society was
recognized by the United Nations, by selecting 2015 as the International Year
of Light and Light-based Technologies. This choice aimed at raising aware-
ness about how light science is vital for answering the global challenges faced
today and how it is a key vector for a sustainable development. Its impor-
tance was also perfectly grasped by Pierre Aigrain, a french scientist, that in
analogy with electronics - the science of electrons manipulation - introduced
in 1967 the term “photonics” for designating the science of photons:
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Figure 1.1: Physical phenomena resulting from light propagation and interaction
in different media: a) homogeneous, b) diffusive and c) diffracting.

“Photonics is the science of the harnessing of light. Photonics
encompasses the generation of light, the detection of light, the
management of light through guidance, manipulation and ampli-
fication, and most importantly, its utilization for the benefit of
mankind.”

Photonics deals with several physical phenomena that occur when light
interacts with matter. Animals are able to see objects because they scatter,
reflect and/or absorb light impinging upon them. An object that does not
absorb or scatter radiation looks transparent (it would be invisible) and light
interacting with it experiences only reflection and refraction at its interfaces.
For example, at the surface of clear water (Figure 1.1a) one can observe
bright spots of reflected light but additionally, one may also see the bottom
of the pound due to transmitted and refracted light. An object that does not
absorb but scatters with equal efficiency at all regions of the visible electro-
magnetic spectrum looks white. A paradigmatic example of such a system
are clouds in the sky, where light is scattered by small drops of water (Figure
1.1b). On the contrary, if a medium strongly absorbs at all wavelengths, it
looks black. Furthermore, in structured periodic media like artificial opals,
light may undergo diffraction which is related to constructive or destructive
interference for specific directions of space (Figure 1.1c). As may be observed
in the figure, due to the fact that the diffraction angle is dependent on the
radiation wavelength, white light impinging on the material is also dispersed
and therefore one can observe beautiful spatial color separation.

If on one hand it is essential to understand the nature of light and the way
in which it interacts with matter, the reciprocal is also true. It is of extreme
importance to develop materials and optical systems that may effectively con-
trol ligh propagation in new and versatile ways. In fact, the comprehension
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and manipulation of light have grown hand-in-hand with the search for new
materials with enhanced functionalities. Examples are waveguides, photonic
crystals, photonic random media, non-linear optical materials, metamateri-
als, plasmonic systems, nano-antennas and amplifying gain media, among
others. In this sense, the work carried out in this thesis, aims at stimulat-
ing novel research approaches in photonics and optical functional materials,
particularly from the perspective of multifunctionality.

In what follows, we start by presenting the characteristics of photonic
crystals (especially focusing on self-assembled ones) and random media, which
are the kind of materials directly explored in this thesis. At the same time,
we try to provide a brief overview of how light interacts with these media
and how they constitute an effective multifunctional platform with demon-
strated potential for light manipulation. We proceed with an introduction
to shape memory polymers, which were used for investigating the possibility
of fabricating novel kinds of programmable photonic systems, both ordered
and diffusive. We end the current chapter with an outline of the following
sections of this thesis.

1.1 Photonic crystals

In natural or man-made materials the color is most of the times a result of
pigmentation. This means that, in general, colored media absorb and there-
fore subtract, some regions of the white light spectrum shining upon them.
Nevertheless, this is not the only color mechanism known. Curiously, some
butterfly wings or bird feathers, which are composed of non-absorbing mate-
rials like chitin or keratin, exhibit brilliant colors that are instead due to their
micro and nanostructures. This mechanism is named structural color and, in
the last decades, has been extensively studied and reported in a wide list
of new artificially produced materials. Structured non-absorbing dielectrics
have been explored for fabricating optical components able to reflect, confine
or guide light in novel ways. A paradigmatic example of this kind of systems
are photonic crystals (PCs), first proposed in 1987 by S. John [1] and E.
Yablonovitch [2].

PCs are defined as materials that present a refractive index periodicity
in one, two or three spatial directions (Figure 1.2). The length scale of that
modulation should be of the order of magnitude of the operation wavelength
for which they are designed. To taylor their properties and tune their spectral
features, a number of parameters can be acted on, being the dimensionality,
the symmetry, the topology, the lattice parameter, the effective refractive
index and the refractive index contrast. Configuring these parameters, one
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Figure 1.2: Scheme illustrating photonic crystals with different kinds of dimen-
sionality. Spatial periodicity might occur in one, two or three dimensions of the
space.

can achieve materials that interact with light in a way analogous to that of
electrons interacting with semiconductors, that is to say, some gaps with no
allowed energy states are opened in their dispersion relation. The refractive
index in the case of PCs plays the role of the periodic atomic potential for
electrons. In what follows, we focus our attention on artificial opals which
are of relevance for the work presented in this thesis.

Artificial opals are obtained by self-assembly methods and are composed
of spheres arranged in a face centered cubic (fcc) structure as the one il-
lustrated in Figure 1.3a. Similar to x-rays interacting with atomic crystals,
interference of light from crystalline planes of opals gives rise to diffraction
(Figure 1.3b) and therefore, using Bragg’s law, it is possible to estimate the
wavelength of the Bragg peak (Ag). Due to thermodynamics of the growing
process, the direction parallel to the substrate is, in general, the [1 1 1], which
is also the one typically probed experimentally. Consequently, considering
that the diameter of the spherical building blocks is ¢ and the interplanar

distance is dy11 = 1/(2/3) ¢, at normal incidence Ap is given by

A = 2diiy/fn2 + (1 — f)n2, (1.1)

where f is the volume fraction occupied by the spheres, n, is the refractive
index of the spheres and n, is the refractive index of the medium in which
they are embedded. In this sense, a bare opal is composed of solid spheres in
air and, on the contrary, an inverse one is composed of spherical air voids in a
solid matrix. Although very useful, Equation 1.1 does not provide any infor-
mation about the width of the Bragg peak or its intensity. A more complete
description is therefore required.
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Figure 1.3: a) Scheme exhibiting the unitary cell for a face centered cubic struc-
ture. b) Scheme illustrating diffraction from crystalline planes along the dj;
direction in a three dimensional PC.

1.1.1 Photonic band structure

As seen in the last section, due to the periodicity, the interference of waves
diffracted by the crystalline planes of PCs may be either constructive or
destructive for certain energies and regions of the space. A more complete
description than that provided by the Bragg’s law may be obtained solving
the Maxwell equations for light propagation within the periodic medium.
Their solution results in a so called photonic band structure, which is a
dispersion relation expressed as w = w(k) where w is the angular frequency
and k is the wave vector. After some manipulation, the Maxwell equations
may be combined into the wave equation

<'u2

1

V x [%V x H(r)] = gH(r) (1.2)
In general, the problem is stated in terms of the magnetic field H(r) so that
the operator acting on H(r) is Hermitian. In this case, solving the equation
translates into solving an eigenvalue problem. This would not be the case if
the electric field was to be used. In Equation 1.2, e(r) is the dielectric constant
of the medium and c is the speed of ligth in vacuum. The periodicity of the
dielectric constant enables the use of Bloch’s theorem [3] and so the solutions
to the equation (its eigenvectors) are Bloch modes of the form

H,x(r) = ™ (1), (1.3)

unk(r) being a periodic function with the same periodicity as the dielectric
constant. Therefore, for each wave number k an infinite set of modes labeled
by the integer n are found, defining the n*-photonic band.
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Figure 1.4: Band structure of a PC composed of air spheres embedded in a silicon
matrix forming an fcc structure.

An example of the band structure of an artificial opal, composed of air
voids in a silicon matrix, arranged in a fcc structure is exhibited in Figure
1.4. As may be observed, due to the periodicity, gaps are opened for specific
directions of the reciprocal space meaning that there are no states to which
light can couple. One can now conclude that Equation 1.1 describes the gap
opened along the I'LL direction. This mentioned example, alongside with its
respective band structure, is of particular relevance because a full photonic
band gap (fPBG) is present between the eighth and nineth bands (signaled
with a grey rectangle in the figure). Its presence implies that no radiation
with energies inside the gap may propagate inside the PC. Furthermore, in
Figure 1.4, one can also observe the presence of very flat bands that imply a
slow group velocity (v,) for photons, defined as

vy = Viw(k). (1.4)

Therefore, bands with very small slopes such as those near a gap border or
at high energy regions may be connected with slow propagation of light.

1.1.2 Self-assembled colloidal crystals

For the fabrication of PCs there are essentially two possible approaches
namely top-down, in which small features are obtained by patterning large
pieces of raw materials, and bottom-up where inversely, structure is materi-
alized by the natural assembly of smaller building blocks. The first methods
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usually allow for more flexibility when designing the structures (a quite spec-
tacular example are quasi-crystals [4]). Nevertheless they typically require
expensive equipment such as lithography systems or direct writing setups,
they are very time consumming and also its difficult to achieve large cover-
age areas. On the other hand, bottom-up techniques allow for the production
of reasonable quality crystals at a low cost. This is the reason why this kind
of approaches has been tested more and more.

Colloidal crystals are produced by bottom-up methods and are generally
composed of spherical particles. These are straightforward to synthesize and
more convenient to self-assemble. In thermodynamical equilibrium, they tend
to organize in a fcc structure as demonstrated by Woodcock [5]. Usual chem-
ical compositions are silica, polystyrene and poli(methylmethacrylate) and
they may be obtained in a wide range of diameters.

One of the first approaches for their fabrication was natural sedimenta-
tion, meaning that the colloid was left to evaporate subjected to the vertical
gravitational field [6]. Other methods were later suggested in order to improve
the samples crystallinity degree or to easier organize higher diameter parti-
cles. Electrophoresis is a growth assisted by the application of electric fields
that try to compensate the gravitacional force and so decrease or increase the
sedimentation rate [7]. Park et al. reported on the crystalization confined be-
tween parallel plates [8]. Moreover, the crystallization in patterned surfaces
was shown to be useful for controling the shape, size, and orientation of opal
crystals [9]. Related to that, nanorobotic manipulation of microspheres was
used for producing PCs in the diamond structure [10]. Otherwise, spin coat-
ing [11] or shear-induce organization [12] may be used when large covered
areas are required. Eventually, the mainstream fabrication method of opals
is vertical deposition [13], that was the one adopted for the current thesis
and will be described in more detail in Section 3.3.

In terms of applications, colloidal crystals have been applied for example
as mechanochromic [14] or thermochromic [15] materials, in energy conver-
sion [16] or as electrodes in Li batteries [17], in cell culture aiming at tissue
regeneration [18] and naturally, in photonics [19].

1.2 Diffusive materials

Traditionally, deffects in PCs were regarded as important flaws, limiting the
ideal performance of the materials. Notwidthstanding, scientists soon noted
that random materials may also present many interesting properties and may
lead to new physical phenomena with not only academic relevance, but with
technological potential. In non-absorbing random media, light propagation
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Figure 1.5: A laser beam crossing an homogeneous medium (water) presents
balistic transport. As more and more drops of milk are added to the initial ho-
mogenous medium, a colloid is produced and the transport of light changes to
diffusive. At a high enough concentration of colloid, the balistic transport is not
observed anymore.

is dictated essentially by scattering. One can easily appreciate how light
changes from a balistic transport regime to a diffusive one, by observing the
behavior of a laser interacting with suspensions of milk in water at increasing
concentrations (Figure 1.5). The figure shows successive images of a home-
made experience using simply a laser pointer, and a water bath to which
milk was added drop-by-drop. For water only, propagation is rectilinear and
the laser beam can be seen only due to scattering by small inhomogenities.
As milk is added, a colloid is produced and scattering from small lipidic
droplets occurs. A diffusive halo surronding the original beam emerges. As the
colloid becomes more and more concentrated, one observes that the balistic
propagation is shortened and the diffusive halo also penetrates less and less
into the colloid. In the next section, we will address single scattering of light,
which is the basis for understanding diffusive transport.

1.2.1 Single light scattering

When light encounters a particle, it is known that part of the wavefront will
proceed unperturbed while other part will be diffused into other directions.
This interaction is denoted as a scattering event and the amount of angular
distribution of the light scattered depends on the shape, size and materials
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constituting the particle. If only the wavevector direction k of the incident
wave is changed but not its frequency, the process is denoted as elastic scat-
tering. A scattering event may be translated by the equation

E,(r) = SEi(r), (1.5)

where E; and E; are the amplitudes of the incident and scattered electric
fields, respectively and S is the so called amplitude scattering matrix. S
describes the process asymptotically. In the far-field region, the scattered
field is approximately transverse and it is usually assumed to have the form
eikr
E,~—A, 1.6
—ikr (1.6)
where A is a radial vector [20]. The elements of the S matrix usually contain
all the information about the scattering process but are not experimentally
accessible. This is the reason why in general it is preferable to treat the
problem in terms of irradiances, which are the measurable quantities. The
power w; scattered to an infinitesimal area for a given direction (6, ¢) is
linearly dependent of the incident irradiance

ws = o(0,¢)1; (1.7)

where I; is the irradiance of the incident beam and o (0, ¢) is the differential
scattering cross section. This magnitude is of extreme importance because it
quantifies the normalized irradiance scattered in the solid angle df? - it pro-
vides the time averaged power radiated by the scatter in a direction defined
by the angles # and ¢, in a given polarization state, per unit solid angle and
unit incident flux. The total scattered power by the particle is the integral

W, = /ws dQ) = Ii/a(é?, ) dQ. (1.8)

Equation 1.8 contains the definition of the total scattering cross section (o),
which corresponds to the integrated differential scattering cross section:

o= /0(9, ¢)dS). (1.9)

The behavior of light is related not only to the total scattering cross
section of the scatter but also to the concentration of scatters in the medium,
if they are all equal. If the medium is diluted enough or thin enough so that
only one scattering event occurs, this is denoted as the single scattering
regime.
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1.2.2 Multiple light scattering

Contrary to that exposed in the previous section, if a medium is thick, light
will suffer several processes of scattering, before abandoning the material. In
this case, it is useful to define the average distance that it travels between
scattering events, the so named scattering mean free path (¢4). For diluted
media, this parameter is related to ¢ and to the density of scatters in the
medium (n,) as

1

ny, o

ly =

(1.10)

In principle, this formalism is only applicable to scatters which possess no
internal degrees of freedom or geometrical resonances (point-like scatters).
Surprisingly, it may provide a very good approximation for the modelling of
resonant media composed of Mie particles [21].

Going into a little more detail, the light propagation in random media,
subjected to scattering, is contained in Maxwell’s equations. Nevertheless,
when the number of scattering centers is high, the solution of the equations
is of high complexity and it is easier to tackle the problem from the point
of view of a radiative transfer equation, neglecting phase and interference
effects. More specifically, the diffusion approximation, which requires that
A < Uy < L, is commonly used, L being the sample size. It is reasonable that
the scattering probability is the same at each point of the sample. Therefore
one may write the probability that a photon propagates a distance r inside
the medium, before suffering a scattering event, as P(r) ~ exp(—r/{s). This
argument justifies that, in such a medium, the transport of balistic radiation
is thus governed by the Lambert-Beer law

I(r) = 1(0)e /% . (1.11)

On the other hand, a diffusion equation describes the propagation of scattered
light:

o g; ) zz(r, £+ S(r, 1) (1.12)
where D is the diffusion constant, v is the velocity of energy transport, £,
is the absorption length (distance over which light is attenuated by a factor
e, due to absorption) and S(r,t) is the source term. The diffusion constant
characterizes the rate of transport, meaning that the larger D is, the faster
the spread of light. Moreover, D can be expressed as a function of v and
another parameter named the transport mean free path (¢;) as

=DV3I(r,t) —

1
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The transport mean free path is interpreted as the average length after which
the scattered photon loses memory of its previous propagation direction. It
is related to ¢, as

ls

b= 1 —(cos®) "

(1.14)

For isotropic scattering, ¢, = ¢, although if the differential scattering cross-
section is strongly dependent on 6, both quantities may differ by orders of
magnitude.

The diffusion equation can be solved analytically in several situations.
Although we will not get into further details, it is worth noting that, for a
slablike geometry and in the absence of absorption, a stationary solution may
be found, from which the total transmission of diffused light (integrated over
all angles) can be approximated as

T(L,\) x ¢

Zt' (1.15)

1.3 Emission in photonic media

A full treatment of the light/matter interaction requires the complete de-
scription provided by the quantum theory, meaning that both matter and
radiation should be quantized. Nevertheless, in order to simplify the prob-
lem, it is frequent to make the assumption that only matter is discrete and
interacts with light, that is regarded as a classical field. In this picture, it is
also useful to consider the two energy levels scheme for the atom or molecule
composing the material (Figure 1.6). The level 1 is the ground state while 2
is the excited state, with respective energies F; and F5. A photon with en-
ergy hv = Fy — Ey, where h is Planck constant, may be absorbed leading the
atom to the excited state (Figure 1.6a). Eventually, by coupling to vaccum
fluctuations, it will tend to decay and radiate the absorbed energy. One of
the possible ways to do so is the spontaneous emission, that is characterized
by the emission of a photon with energy hv. Contrarily, if the atom, already
in the excited state, is perturbed by a photon having the same energy hv,
it may decay to the ground state with the emission of a second photon with
energy and phase equal to the incident one. This process is known as stim-
ulated emission and is in the basis of LASER action, which is an accronym
referring to light amplification by stimulated emission of radiation.
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Figure 1.6: Two energy levels scheme to describe light/matter interaction. When a
photon interacts with an atom, the phenomenon of a) absorption, b) spontaneous
emission and c) stimulated emission may take place.

1.3.1 Amplified spontaneous emission

In an active medium (a medium with internal electronic states as described
above, able to sustain optical gain), if the pump is enough to populate ex-
tensively the upper energy level, amplified spontaneous emission (ASE) may
take place [22]. Thus, ASE is observed when spontaneously emitted photons
are amplified, while propagating in the excited region, but in the absence of
a resonant cavity that selects the resonant mode of oscillation - ASE may be
considered as light amplification without mode selection.

To some degree, ASE has similar properties to laser action such as direc-
tionality, a narrower bandwidth than spontaneous emission (because of the
higher gain experienced by frequencies near the maximum of the gain curve),
it shows a threshold behavior and it can be quite intense. Additionally, it has
some spatial and temporal coherence, although to a much less extent than
laser action.

The ASE is characterized by a parameter known as the optical gain lenght,
expressed in units of cm ™!, that is basically the distance that light must travel
in order to be amplified by a factor e. This parameter may be determined
for example with the variable stripe length method [23].

In order to accomplish true laser light, a resonant cavity must be used
to select the oscillating mode of amplification. Different strategies may be
considered, the most common one being to place the active medium inside
a cavity composed of two mirrors. The distributed feedback may be also
provided by PCs or scattering in the active medium itself. These approaches
will be discussed briefly in the following sections.
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1.3.2 Light emission in photonic crystals

The control of spontaneous emission is of utmost importance in photonics
research and technology [2]. By engineering the local density of states (LDOS)
in some medium, it is possible to influence its light transport properties [1].
In fact, it is well-known from Fermi golden rule that the radiative rate 'y,
of spontaneous emission is expressed by

[y (w) (1| H[2)]*D(w), (1.16)

B 27r|
T h
(1|H|2) being the matrix element of the perturbation (H) between the final
and initial states and D(w) the photon density of states to which light can
couple. For free space, it can be shown to be [24]

D(w) = = (1.17)

but for material systems it may become considerably different. One possible
effective route to the manipulation of the LDOS is to impose some periodicity
in the dielectric constant (and consequently in the refractive index) of the
material [25]. Further, the typical pitch of the modulation must be of the
order of magnitude of the wavelength. This is the groundwork of PCs such
as those presented in Section 1.1.

In comparison to the corresponding effective media (same effective refrac-
tice index n.ss but no periodicity), PCs conserve the total spectral number
of states [26]. This implies that if the LDOS is reduced in some frequency
region, due to the presence of a PBG, it must be enhanced in a distinct
region. In PCs, the LDOS suppression takes place at PBG centers and its
enhancement at PBG borders. Moreover, the increase of the available number
of modes in a gap border is associated with a decrease in the group velocity
of the corresponding modes. This is the mechanism which promotes the in-
teraction of radiation and matter and allows either the spontaneous emission
inhibition of an embedded emitter in a PC (when its characteristic transition
is tuned with the PBG center) or spontaneous emission enhancement (when
the transition is tuned with a PBG border).

Due to the previously discussed, PCs are promising for constructing pho-
tonic devices such as efficient light sources, particularly more compact or
low-threshold lasers. In the last decades, there have been countless works on
this field. To cite some examples, Nishijima et al. reported laser action from
dye solutions infiltrated into silica inverse opals (IOs), due to a mechanism
of gain distributed feedback [27]. Furumi also discussed laser emission of or-
ganic dyes, tuned with the gap border of PCs [28]. Moreover, the emission
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may be spectrally tuned by applying mechanical stress. Interestingly, Garcia
et al. reported on UV lasing in both ZnO PCs and disordered structures and
furthermore, the transition between a Bloch to a random laser [29].

1.3.3 Light emission in random media

Contrary to conventional lasers in which the feedback mechanism is ensured
by an optical cavity or to Bloch lasers, discussed in the previous section, in
random lasers (RLs) it is provided by multiple scattering [30]. RLs were first
proposed in 1966 as a possible strategy to achieved more robust lasers with
respect to frequency [31]. A very comprehensive review of this phenomenon
was provided by Cao [32].

Laser action in such systems is determined by the gain length ¢, (length
over which the intensity is amplified by a factor e) and the amplification
length ¢,,,,, which is defined as the root mean square average distance be-
tween the beginning and the ending point for paths of length /,. In a 3D
system, they are related as

Comp = %. (1.18)
3

There are three possible regimes for light transport in a random medium,
which affect the emission and lasing behavior, namely a) ballistic regime,
L < ¢, b) the diffusive regime, L > ¢, > A, and c) the localization regime,
kels ~ 1 (k. being the effective wavevector in the random medium). In the
case of the diffusive regime, amplification may be taken into account in the

diffusion equation, thus expression 1.12 would be re-written as
M = DV?I(r,t) — E[(1[',15) + EI(r,zf) + S(r,t). (1.19)

ot Ly ly

RLs have been commonly used in the development of ultra-compact lasers
[33] or to achieve multicolor emission over the whole visible spectrum [34]. Ad-
ditionally, RLs can be tailored to present characteristics such as high radiance
and low spatial coherence, which are most desirable for illumination in ap-
plications such as speckle-free microscopy [35]. Stimulated emission has been
observed in diverse diffusive platforms such as semiconductor powders [36],
colloidal suspensions [37], paper-based devices [38] or polymers [39,40]. Com-
pared to other systems, polymers possess notable advantages [41], for in-
stance, a typically low fabrication cost, wide-range tunable properties by
appropriately designing their syntheses, amenability for the production of

mechanically flexible components, and industrial processability.
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In recent years a new type of random material was proposed, named pho-
tonic glass [42]. These are composed by monodisperse Mie scatters (just like
colloidal PCs), although in this case the spheres are arranged in a disordered
way. Transport properties of these materials present resonant behavior and,
by making use of those resonances, it is possible to tune the lasing frequency
of some emitter, in case optical gain is introduced in the material. In this
way, photonic glasses allowed the observation of resonant random lasing [43].

1.4 Shape memory polymers

Technological applications increasingly demand materials with sophisticated
features and improved functionalities. In this context, multifunctional ma-
terials are especially attractive as they are often capable of responding to
different physical, chemical and/or biological stimuli. A particularly useful
property that has been incorporated into multifunctional materials is the
shape-memory effect (SME), which was first identified in a gold-cadmium
alloy [44] and later discovered in polymers (the so called shape-memory poly-
mers, SMPs) [45,46]. Compared to conventional shape-memory alloys, they
represent a more efficient alternative, allow higher strains before rupture, are
less expensive and easier to implement with high throughput. SMPs are able
to switch from a temporary to a permanent shape in response to an external
stimulus [47,48]. This effect is exemplified in Figure 1.7. Slabs of polydiolci-
trate polymer were cut in a predefined way (capital letters), thus acquiring
their permanent shape (B1). The polymeric pieces were then subjected to a
heat /stress/cool cycle in order to store the temporary shape (B2) and finally,
after re-heating, the permanent shape was recovered (B3) [49].

In general, the SME is triggered by heat and arises due to chemical or
physical switchings at the molecular level. This means that the flexibility
of the polymeric chains is a function of temperature. Above the so called
transition temperature (Tj.q4ns), the chain segments are flexible and therefore
the polymer is in a rubber-like state that may be deformed. Below the ther-
mal transition, the flexibility of the segments becomes totally or partially
limited and so the elastomer becomes rigid. In the case of chemical switch-
ing, the change in flexibility is based on reversible covalent bonding while
in the case of physical switching, intermolecular interactions drive the SME.
As an example, polydiolcitrates, studied in this thesis, are composed of two
seggregated domains: a crosslinked elastomeric network responsible for the
permanent shape and non-crosslinked microdomains embedded in that ma-
trix that undergo a phase transition (melting) at Tj.qns, that controls the
switching.
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Figure 1.7: lllustration of the SME in polydiolcitrate polymers being B1) the
permanent shape, B2) the temporary deformed shape and B3) the permanent
restored shape. Adapted from [49].
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Figure 1.8: Scheme illustrating the two more typical protocols of thermome-
chanical programing: a) two-dimensional measurement and b) three-dimensional
programming. Adapted from [47].

The SME is usually quantified by cyclic thermomechanical investiga-
tions [47]. The most typical test protocols are presented in Figure 1.8. The
first one (Figure 1.8a) is denoted as a two-dimensional measurement as it is
presented in the form of a stress/strain cycle (¢(¢)). On their turn, three-
dimensional thermomechanical measurements (Figure 1.8b) have the advan-
tage that Tj..ns can be straightforwardly determined, at the same time that
stress and strain are.

Although heat is typically responsible for directly triggering the SME [50],
recent advances have identified other possible indirect mechanisms such as
electrical stimulation [51] or alternating magnetic field excitation [52]. For
achieving such effects, specific fillers able to absorb energy under excitation
and increase temperature are usually incorporated to the original shape mem-
ory polymeric matrix. Interestingly, there are also reports describing heat-
independent light-activated SME [53,54]. In terms of chemical composition,
SMPs made of acrylamides [55], caprolactones [56], and polyurethanes [57]
have been explored as stimuli-sensitive polymers with advanced function-
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alities [58]. They are suitable for applications as diverse as biomedical de-
vices [59], packaging [60], temperature sensors [61], self-deployable sun-sails
or microfoldable vehicles [62,63]. Recently, SMPs are also drawing an increas-
ing interest for photonics [64].

1.5 Outline of this thesis

This thesis is devoted to the development of advanced photonic materials
and their potential implementation in multifunctional systems. It is divided
in two main parts. The first one comprises Chapters 2 and 3 and regards
the fabrication of PCs using conventional inorganic materials. The second
part, comprising Chapter 4 and 5, relates to the exploration of SMPs for
fabricating both periodically organized and diffusive media. Specifically, it is
organized in the following chapters.

o Chapter 2 reports the fabrication and characterization of two dimen-
sional PCs, specifically inverse monolayers of silica. A fabrication pro-
tocol introducing some novelties is presented, which allows to grow
composite monolayers in a one step method and porous membranes,
by sacrificing one of the components. This work is partially extended
in an attempt towards the fabrication of porous membranes of silicon.

o Chapter 3 discusses the growth of three dimensional PCs by self-assembly
methods. Composite opals are grown by vertical deposition and co-
assembly techniques and several doping strategies with Rare Earth
elements are tested. The aim of this work is to search for photonic
effects, in the infrared region of Er** photoluminescence, induced by
the presence of a pseudogap in silica IO0s or by a full PBG in silicon
ones.

o Chapter 4 describes a replica molding procedure adequate to imprint
2D gratings in the surface of SMPs, by using self-assembled colloidal
monolayers as templates. The obtained crystals are characterized with
different techniques to assess their structural and optical properties.
Their applicability in new multifunctional photonic devices with pro-
grammable and self-healing capabilities is ascertained.

o Chapter 5 explores the possibility of using SMPs to fabricate new
nanocomposites containing titania nanoparticles that may perform as
functional photonic white paints. Furthermore, their potential use as
shape programmable active media is verified by doping them with or-
ganic dyes. Systematic photoluminescence studies are performed.






Part 1

Fabrication of 2D and 3D
photonic crystals by
self-assembly methods






Two-dimensional PCs as porous membranes

In this chapter, the fabrication of inverse colloidal monolayers is described.
In a first step we demonstrate that, for producing composites of polystyrene
spheres embedded in a silica matriz, it is possible to conjugate co-assembly
with a cell confined growth, while profiting from the advantages of both tech-
niques. The inverse silica monolayers are obtained by thermal calcination of
those composites. Results show that extense regions of good quality porous
membranes can be obtained with this procedure. Additionally, these mem-
branes may are subjected to magnesiothermic reduction in order to test for
replication in silicon.

2.1 Introduction

The pursuit of materials with uncommon optical properties has increadibly
boosted the research effort during the last decades, in the photonics commu-
nity. As far as the control of the radiation/matter interaction is concerned
and consequently the manipulation of light, two-dimensional (2D) photonic
crystals (PCs) have proven to be strong candidates for such purposes, due
to their high versatility. Among those, slablike crystals based on the pack-
aging of dielectric spheres are perhaps the most straightforward to fabri-
cate [65]. These systems can be implemented in applications such as filtering
or waveguiding [66], microlens arrays [67], and hybrid photonic—plasmonic
materials [68]. Additionally, they can play an extraordinary role as masks,
in nanosphere lithography [69], or as templates for more complex colloidal
structures [70-72]; they are very effective for the production of nanoparti-
cles [73] and, from a fundamental point of view, they can be addressed by
theoretical studies [74].
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In order to accomplish this kind of 2D PCs, self-assembly techniques are
the simplest and most widely used methodologies. The most widespread one
is probably the vertical deposition method [13], starting from diluted col-
loidal suspensions. This technique relies on convective particle assembly and
delivers crystals consisting of dielectric spheres, arranged in a hexagonal lat-
tice. Nonetheless, polycrystalline domain structure is a major limitation of
the method. Consequently, a number of publications have proposed refined
processes of convective particle assembly and reported on the influence of
different growth parameters on the quality of the monolayers [75,76]. It was
recently shown that, by controlling the geometry of the three-phase contact
line at the meniscus of the suspension, one can achieve better quality mono-
layers than those obtained by vertical deposition, in particular, single domain
ones, centimeters across [77]. This is achieved by confining the suspension in
a wedge-shaped cell. The characteristic feature of this kind of evaporation
cell is that it permits an almost rectilinear interface between the three phases
involved during evaporation.

Despite the considerable interest that these 2D arrangements of spheres
can raise, there is also a significant demand on the fabrication of the in-
verse structures, that is, membranes composed of nanobowls, nanopore ar-
rays or interconnected air voids [78]. Inverse structures, based on colloidal
crystal monolayers, might be used for the development of gas sensors [79]
and superhydrophobic surfaces [80], evaporation masks [81], templates for
cell growth [82], or protein self-assembly [83]; for the study of photolumi-
nescence [84]; or even for the enhancement of magnetic properties of thin
films [85]. They have been produced with diverse compositions such as in-
organic materials [80], oxides [86,87], semiconductors [88], metals [89], or
polymers [54,90]. With regard to fabrication, the inverse monolayers have
been achieved by infiltration with techniques such as electron beam evapora-
tion [91], doctor blade technique [92], solution/sol-dipping, or electrodeposi-
tion [93]. Additionally, gas phase deposition techniques can also be used for
the infiltration, with additional advantages. They permit a very good degree
of conformality of the deposited material and also fine-tuning of the film
thickness [94].

Regarding three dimensional (3D) crystals, recent experiments pointed
out that good-quality, crack-free, inverse opals could be fabricated in a two-
step method using co-assembly [95] (this topic will be further detailed in
Chapter 3). The obtained crystals presented a high degree of order, over
length scales of centimeters. The mainstream method to produce inverse
opals is essentially (a) growth of a bare opal of sacrificial material, (b) infil-
tration with the desired material, and (c) selective removal of the sacrificial
one. Using the new approach (coassembly), the composite is obtained in a sin-
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gle step in which a chemical precursor of the background material is added to
the spheres suspension. Therefore, it deposits in the spheres interstices simul-
taneously to the particle assembly. Subsequently, using calcination or plasma
etching, the sacrificial spheres are removed and the inverse opal is obtained.
Moreover, the authors show that direct conversion into other materials (sil-
icon and titania) is possible using shape-preserving gas/solid displacement
reactions [95].

In this work, we test the possibility of fabricating silicon oxide inverse
monolayers using a sol-gel approach and combining the wedge-shaped cell
growth, on the one hand, with coassembly on the other. By adopting this pro-
cedure, one might benefit from the advantages that both techniques permit.
In comparison with similar tests, previously carried out by other groups, our
approach has the advantage of achieving the composite (PS spheres embed-
ded in silica matrix) in one single step, as opposed to work by Li et. al. [96],
which relies on sol-dipping, and also of increasing the effective macroscopic
area of the final monolayers. In these lines, Lu and co-workers reported a typ-
ical ordered area of 100 pum? [97], while we were able to obtain monodomain
areas around 1000 pm?.

2.2 Samples fabrication

The PS spheres used in this work were commercially acquired (Thermo Sci-
entific). Two diameters were compared, ¢ = 430 and ¢ = 520 nm, with
polydispersity below 3%, in both cases. The monolayers were grown on glass
substrates using the wedge-shaped cell method. More details are provided
in reference [75]. Briefly, the substrates were carefully cleaned in a detergent
and water ultrasound bath. Then, they were rinsed with distilled water, dried
under a nitrogen flux, and immersed in a hydrogen peroxide solution at 80°C
for approximately 1 h. Afterwards, they were rinsed and dried once again.
Finally, the wedge-shaped cells were assembled accordingly to the photo ex-
hibited in Figure 2.1. The angle described between the substrate and the
cover slide was 2°.

The concentration of spheres was kept constant in all the suspensions (100
uL of the commercial suspensions at 10 wt%, final concentration of ~ 0.5
wt%). The silica precursor used was a mixture of ethanol, 0.1 M HCI in water,
and tetraethylorthosilicate (TEOS) in the mass ratios of 1.5 : 1 : 1, stirred for
1 h - for convenience this mixture is referred to as TEOS throughout the text.
Sets of crystals were fabricated varying the added volume of TEOS to the
initial colloid from 20 to 120 pL. This corresponds to a concentration range
from 1 to 6 vol%. The total volume of the suspensions prepared was 2 mL for
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Figure 2.1: A schematic illustration of the wedge-shaped cell used for the fab-
rication of the composite monolayers. Clamps are set in order to lock all the
components in position. We note that the scotch tape is placed between the
lower slide and the substrate.

all cases. The suspensions were prepared in clean glass vials. First, distilled
water (18.2 MQ) was poured into them, the respective volume of precursor
was added, and lastly the spheres. In order to homogenize the mixtures,
the vials were briefly immersed in an ultrasound bath. Finally, a volume of
100 pL of the suspension was inserted into the wedge cell with the aid of a
micropipette. The cells were placed in a climatic chamber over a polymeric
platform in order to minimize vibration. The chosen temperature was 20°C
and the relative humidity 90%. Typically, four replicas were prepared for each
concentration in order to minimize the intrinsic variability of the fabrication
process. The samples were withdrawn after approximately 24 h.

At a later stage, the samples were treated in order to remove the poly-
mer of the composite and obtain the inverse matrix. They were subjected
to calcination in a tubular furnace using the program shown in Figure 2.2.
First, the temperature was raised from room temperature to 90°C at a rate
of 1°C/min. This ramp was followed by a plateau of 3 h at 90°C. Afterward,
the sample was heated until a temperature of 450°C was reached, at a rate
of 1°C/min. The monolayers were maintained at this temperature for 8 h.
Finally, cooling was performed at 5°C/min until the temperature of 30°C was
reached. Due to thermal inertia of the furnace, this rate was not correctly ful-
filled and, particularly at low temperatures, the cooling rate was determined
by the natural cooling rate of the furnace (grey area of the figure).
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Figure 2.2: Temperature program, as a function of time, used for the calcination
of the composites in order to remove the sacrificial PS spheres.

2.3 Composite monolayers

As stated in the previous section, we propose a one step method for the
fabrication of the composite monolayers, based on co-assembly. This fabrica-
tion scheme permits the straightforward achievement of an opened topology,
which to be obtained for example by CVD infiltration, would require an addi-
tional etching step. This is a drawback, as expensive techniques like reactive
ion etching are required to carry out etching of the top surface. In what
follows, the systematic analysis of the composite is reported and then the
inverse monolayer is presented.

A common feature was observed in all the monolayers grown by coassem-
bly confined in a wedge-shaped cell. They typically exhibit three different
regimes of growth, as can be appreciated in Figure 2.3, which shows examples
of optical microscopy photographs. The first regime (Figure 2.3a) occurred
mainly at the beginning of the process, but sometimes it also extended along
the growth direction (especially near the borders of the confinement cell).
In this regime, the samples presented poor quality, with disorder, small do-
mains, and even the formation of multilayers. After some time elapsed, the
growth stabilized and a good-quality composite monolayer started to de-
velop; this is the second regime, depicted in Figure 2.3b. In this region (as in
the previous one), the infiltration with silica took place. At some point, the
condensation reaction was terminated as TEOS ran out and bare monolayer
grew from there on; this is the third regime, as observed in Figure 2.3d. A
marked frontier separating the last two regions was observed (Figure 2.3c).
Comparing regions b and c of the figure, it is seen that the amount of de-
fects that appear in the bare region, typically as small islands of two or three
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Figure 2.3: Three growth regimes can be identified by observing the samples at
the optical microscope: a) beginning of the growth exhibiting poor quality, b)
silica infiltrated monolayer, and d) bare monolayer. The transition between the
two last regions, shown in figure c, is significantly abrupt. In this example, the
sample grown with spheres of diameter ¢ = 430 nm and [TEOQS] = 1.5 vol% is
grown. The scale bar corresponds to 250 um in all cases.

layers, was larger than in the composite region. The defects are identified as
darker spots standing out from the bright background. That observation was
a general feature of the samples studied.

To the naked eye, the crystals grown with spheres of ¢ = 430 nm typically
started to nucleate nearer the borders of the substrate. For almost all the
samples a V shape was observed. As the growth proceeded, those regions
expanded toward the center and joined at some point. After this, the material
grew as a continuous region occupying all substrate width. Near the borders
the samples exhibited intense colors and iridescence while the center region
usually presented a milkier aspect that is characteristic of disorder. On the
other hand, very good quality and large regions were obtained for the samples
grown with spheres of @ = 520 nm. In these, the three regimes mentioned
above were also observed, but to the naked eye, the crystal developed along
all the width of the substrate, right from the beginning. As expected, the
infiltrated areas were slightly more transparent due to the lower refraction
index contrast and thus to the lower scattering efficiency.

A quantitative analysis of the above-mentioned aspects is summarized
in Figure 2.4. The data points were collected by hand-drawing the contours
of the regions of interest, digitalizing them, and then using a software to
calculate their respective areas. The analysis showed that the percentage of
good-quality infiltrated area of the sample with respect to the total initial
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Figure 2.4: Quantitative analysis of the good-quality infiltrated area (Asampic)
with respect to the total area susceptible of growing (Aoar), Versus concentra-
tion of TEOS. A,y is the area initially occupied by the liquid colloid. Squares
(triangles) express results for samples grown with spheres of diameter 430 (520)
nm. The inset shows the definition of Agumpre and Ayppar.

area covered by the colloid (2.6 x 1.5 cm?) was on the order of 15% in
the case of the samples grown with ¢ = 430 nm spheres and [TEOS] = 1.0
vol%. Low precursor concentrations favored the extension of the infiltration
as for [TEOS] higher than 2 vol% the area extension oscillated around 5%.
In the case of the samples grown with spheres of ¢ = 520 nm, the best result
was obtained for [TEOS] = 2.0 vol% with an infiltrated area on the order
of 25%. In general, for most TEOS concentrations studied, these samples
performed better than their low diameter sphere counterparts, except for
[TEOS] above 5.0 vol%. Possibly, the parameters that might induce these
significant differences are the angle described by the wedge-cell and the type
of spheres or surfactant present in the commercial suspension. In fact, some
preliminary experiments have shown that the angle of the cell should be
slightly tuned according to the diameter of spheres used. Nevertheless, a
study of the quality of the samples as a function of the referred angle was
out of the scope of the present thesis. Regarding the type of stabilizers of the
commercial suspensions, it is possible that they have an effect on the colloid.
This could not be ascertained, as details about the commercial colloids are
proprietary information.

The structural characterization of the samples was accomplished with a
FEI NovaNano SEM 230 field emission electron microscope. This analysis
permitted us to corroborate that the differences between the two kinds of
regions observed in each sample were due to the presence or absence of silica.
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Figure 2.5: Representative SEM images of samples fabricated with spheres of ¢
= 430 nm. The concentration of TEOS used was a) and b) 1.0 vol %, c) 2.5
vol %, and d) 4.0 vol %. The large domains obtained and the changes in the
infiltration degree are noteworthy.

It showed that the areas corresponding to the mentioned second regime were
formed of composite material (PS embedded in silica), while the areas corre-
sponding to the third regime were not infiltrated (PS bare monolayer). Figure
2.5 shows representative SEM micrographs of the composite part of samples
fabricated with spheres of 430 nm in diameter. In all cases, it was possible
to observe a good degree of order and extensive monodomain regions. For
example, Figure 2.5a illustrates a small piece of a much larger monodomain
of approximately 8500 pum?. The good quality of the samples was eventually
perturbed by defects such as some spheres detached from the matrix, which
originate cracks like those shown in Figure 2.5d, possibly during the drying
process. Frequently, point defects such as missing spheres or slightly different
diameter spheres and linear defects like dislocations are observed [75]. Nev-
ertheless, the overall extension of monodomains is typically preserved. This
degree of quality is representative and was also found for the samples grown
with ¢ = 520 nm spheres.
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Figure 2.6: The average area of good-quality, crack-free areas, inside the larger
monodomains of the composite monolayers. Squares (triangles) express the re-
sults for samples grown with spheres of diameter 430 (520) nm. The drawn
curves simply intend to highlight the general tendency of the data and do not
correspond to any theoretical fitting.

SEM showed that the single domains are typically very broad, of the order
of 1000 pm?. Nevertheless, perfect regions do not present such large areas.
These were defined as smaller parts of the crystals which belong to the same
monodomain, although they present cracks originated in the drying phase,
as is exemplified in Figure 2.5d. Figure 2.6 shows a statistical analysis of the
average area of these smaller crystallites. The areas were estimated with the
help of a drawing software and averages were typically taken from 10 regions
belonging to at least five images of different regions. Despite data dispersion,
a clear quality improvement was observed for determined [TEOS]. Maxima
are observed in both curves corresponding to the two diameters studied. In
both cases, the larger areas of crystallites achieved were of the order of 120
pm?. The maximum area was obtained for [TEOS] = 2.5 vol % in the case
of using 430 nm spheres, while for samples produced with larger spheres, the
maximum was observed for [TEOS] = 4.0 vol%. The fact that there was an
optimal TEOS concentration is not surprising. If too low, it is not possible
to reach a continuous silica film, filling in the interstices between spheres. On
the contrary, if too high, the quantity of additional charge introduced in the
colloid is significant and this induces rheological instability [98].

The most remarkable aspect resulting from the analysis of SEM images
was the fact that the apparent diameter of the spheres (¢g,),) - their diameter
observed from a surface view - presented significant changes as the added
quantity of TEOS in the starting suspension was increased. For the analysis
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of the images, a complete infiltration was assumed meaning that the silica
occupies the entire available volume in the spheres interstices, from 2z = 0
(location of the glass substrate) to z = h, which is the maximum thickness of
the silica film - z being the coordinate normal to the substrate. It was further
assumed that the infiltration surpassed the spheres equator (h > ¢/2). From
simple geometrical considerations, it is possible to express h as a function of
the measurable parameter ¢,,, as

QA e

In this sense, a decrease in ¢,,, implies that h increases and vice versa.
Therefore, the experimental observations suggested the hypothesis that it
was possible to change the filling fraction (f) of the silica in the final inverse
matrix by acting on the concentration of its precursor. The filling fraction is
defined as

h wh?

F= G~ g 30— (2.2)
where a is the lattice parameter. This hypothesis was supported by previous
observations in similar systems, for which it was reported that it was possible
to control the morphology of the grown inverse monolayer by controlling the
concentration of the infiltrating precursor [86]. In order to carry this analysis
further and ascertain the behavior of f, it is also necessary to account for a.
For all samples, in the second growth regime, due to the presence of silica,
it was verified that a was larger than the sphere diameter, implying that the
material organized in cermet topology. On the contrary, in regions belonging
to the third regime of growth (Figure 2.3d), apart from intrinsic defects, the
structure assumed a close-packed form.

A systematic analysis of ¢g,,, a and f was carried out. The results are
summarized in Figure 2.7. Concerning the samples produced with spheres
of ¢ = 430 nm, a linear fitting of the experimental data showed that ¢gp,
decreased c.a. 11% and a increased approximately 2%, accompanying the
increase of [TEOS] from 1 to 6 vol%. In the same range, the increase of the
filling fraction was of the order of 5%. For the samples with spheres of ¢ = 520
nm, an actual increase of c.a. 2% was observed in ¢,,, while the increase in
a was of the order of 4%, thus implying a variation of f much less expressive
- only an increase of 1% was determined. Although the mentioned linear fits
exhibit the expected behavior, it is necessary to point out that, for both sets
of samples, a monotonic increase of f was not evident. Care should be taken as
the observed changes in f were of the order of magnitude of the experimental
error. The error was estimated by applying the propagation equation to f
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and assuming the standard deviation as the error of ¢,,, and a. Although the
data were noisy, they suggested that, for low concentrations of the precursor,
the degree of infiltration was higher in those samples fabricated with spheres
of ¢ = 520 nm. As the concentration of TEOS increased, that relation was
inverted and the filling fraction became higher for the samples with ¢ = 430
nm. The inversion occurred approximately for [TEOS] = 3.0 vol%.

2.4 Inverse silica monolayers

The second step of the inverse monolayers fabrication consisted of the sacri-
ficial PS spheres removal. For this purpose, calcination and plasma etching
were preliminary tested. It was verified that calcination led to similar results
to oxygen plasma etching, and that being so, both processes introduced some
amount of defects and cracks in the matrix. Calcination was the adopted
treatment.

Figure 2.8 shows the aspect that the monolayers presented after calcina-
tion. These SEM images are examples of the samples fabricated with spheres
of 430 nm of diameter and [TEOS] = 1.0, 2.0, and 3.0 vol %. Images taken in
cross section, as exemplified in Figure 2.8a, confirmed that the interconnected
3D structure was preserved as expected and that the infiltration surpassed
the equator of the spheres. The thickness h of the monolayer could be esti-
mated by measuring the thickness observed in the image and correcting it
with the tilt angle of the microscope stage. In this example, the thickness ob-
tained was 260 nm. From low-magnification images, such as those presented
in Figure 2.8b—d, the hexagonal pattern was clearly visible and large mon-
odomain regions were preserved. The area of the exhibited monodomain in
Figure 2.8b is ~ 2900 pum?, the one in Figure 2.8c is 2100 um? and the one
from Figure 2.8d is 2000 gm?. While in Figure 2.8b some point defects which
originate in the formation of the composite are observable, due to missing
spheres or different size spheres, in Figure 2.8c all region presents minimum
defects. In Figure 2.8d cracks can be observed that are associated with the
drying step and posterior thermal treatment. It is probable that for high
[TEOS] the grown silica is less porous, which gives rise to increasing me-
chanical tension during the removal of the spheres, and small cracks like the
ones exhibited in Figure 2.5d increase in size. The insets in Figure 2.8b—d
show the digital Fourier transform of the respective image and permit one
to appreciate the 6-fold symmetry characteristic of the lattice, as individual
points in the reciprocal space. This is a strong evidence of the good quality
of the monolayers, even after calcination.
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Figure 2.8: a) An example of a high-magnification SEM image of the inverse
monolayer in cross section, with [TEOS] = 2.0 vol%. SEM images at low mag-
nification of samples grown with b) [TEOS] = 1.0 vol%, c) [TEOS] = 2.0 vol%,
and d) [TEOS] = 3.0 vol% - samples fabricated with spheres of 430 nm diame-
ter. It is possible to appreciate good quality and wide domains after the thermal
treatment. The insets of figures b, ¢, and d show the digital Fourier transform of
the respective image.

2.5 Optical characterization

Using FIS, angle resolved reflectance spectra were investigated for our sam-
ples. A brief overview of the technique is provided in Appendix A. Although
differences in the filling fraction of the composite could not be resolved for
different concentrations of TEOS, the second and third regime of growth -
composite and bare monolayer - were compared and analyzed in the frame-
work of an effective medium model. The results are exhibited as gray scale
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plots in Figure 2.9. This figure shows an example for the case of the mono-
layers produced with spheres of ¢ = 520 nm.

Results are represented for increasing angles of incidence along the two
high-symmetry directions in reciprocal space for a hexagonal lattice: 'M and
I'K. In the plots corresponding to the experimental results of the bare crystal
(Figure 2.9b), a number of modes appear as lines crossing at A ~ 650 nm,
at the I point. The dispersion of the different modes is clearly different for
the two directions considered. In order to account for these results, we have
employed an effective medium model [99]. In this approach, one considers
a homogeneous medium having a real refractive index n.ss. The effect of
the periodicity is introduced in two ways: folding the dispersion relation at
the Brillouin zone edges (bands TM1, T'M4) and taking into account the
diffraction by different reciprocal lattice vectors (bands I'M2, I'M3, 'K1-3).
The outcome of this model assuming an n.;y = 1.45 is shown in Figure
2.9a. Here it is evident that the overall shape of the experimental dispersion
relations is well-reproduced.

In order to get a good agreement between the theoretical bands and
the experimental ones, a much higher effective refractive index had to be
assumed than that expected from the effective medium approximation - 1.45
versus 1.35 - which would result from the weighted volume average of the two
indices composing the monolayer, considering a filling fraction of PS of 60%
and 40% of air. This can be explained by examining the spatial distribution of
the total field intensity. The contributing modes correspond to guided modes
of the monolayer, so it is shown that, in the system under study, the total
field intensity becomes much more concentrated inside the spheres. For this
reason, the actual refraction index the radiation feels is higher [99].

The broad gray bands in Figure 2.9a represent the first-order diffraction
onset and the re-entrance in the detector [99]. They can also be observed in
the measured spectra and the positions are in good agreement. Furthermore,
this agreement is also verified in the case of the modes I'K1, I'K3, I'M1,
I'M2, and I'M3. The position of the I'K2 mode is also well-predicted. In
the collected spectra it is possible to observe another mode adjacent to it.
Actually, it is verified that the I'K2 branch corresponds to two modes whose
degeneracy is lifted, as can be seen in the experimental measurement. Finally,
concerning the I'M4 mode, it is the least intense, as expected, but its slope,
in the dispersion relation, is higher than expected.

The spectra of the composite were also measured and are presented in
Figure 2.9c. The results are exemplified for the case of the sample fabricated
with [TEOS] = 1.0 vol %. The signal-to-noise ratio was smaller and the
reflectance of the sample droped to approximately half that of the previous
bare monolayer. This was due to the decrease in the contrast between the
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Figure 2.9: a) Theoretical dispersion relation of a bare monolayer of PS spheres.
b) Experimental angle-resolved reflectance spectra resulting from Fourier image
spectroscopy measurements of a bare monolayer and c) similar measurements for
a composite membrane (¢ = 520 nm).

refractive indices forming the lattice. Two important changes took place when
comparing the gray scale plots of the bare monolayer with those from the
composite. The first concerns the spectral position of the origin of the modes,
in the I' point. In the case of the direct structure, it was found at A = 646
nm, while for the composite it displaced to a lower energy (A = 657 nm).
The second one was the observation of a slight decrease in the slope of the
modes in the dispersion relation. This was especially visible in modes I'K3,
I'M3, and I'M4. Both changes are consistent with the increase of the effective
refraction index and lattice parameter induced by the presence of the silica.

Fourier image spectroscopy was also used in the case of the inverse col-
loidal structure, although it was not possible to infer any characteristic op-
tical features from the collected contour plots. This was due to the fact that
the reflectance signal was too low. This was expected, as the inverse mono-
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layer had a very small amount of matter and hence a negligible scattering
strength. In theory, according to Equation 2.2, the maximum silica volume
fraction in a closed packed structure is 40 %. In the case of our system, the
filling fraction is, at most, of the order of 30 %, which implies, in the context
of an effective medium theory, that the net refractive index is only ~ 1.1 as
opposed to that of the composite (=~ 1.6).

2.6 Magnesiothermic reduction of silica

As a next step, and as an attempt to achieve structures with higher refrac-
tive index that could present increased photonic functionality, efforts were
made in order to replicate the inverse monolayers described in Section 2.4 in
silicon. For doing so, a displacement chemical reaction denoted as magnesio-
thermic reduction was explored. The magnesiothermic reduction is a process
which aims at converting silica into porous nanocrystalline silicon. Its main
advantage is the fact that it preserves the initial morphology of the mate-
rial, particularly micro or nano features. It has been employed to convert
structures such as microshells [100], waveguides [101], inverse opals [95] or
monodisperse microspheres and direct opals [102]. From the point of view of
photonic materials fabrication, this technique draws much attention. In fact,
while silicon has a considerable higher refractive index than silica, using the
current self-assembly techniques it is easier to accomplish photonic crystals
composed of SiO,. Therefore, employing the magnesiothermic reduction ap-
proach one can, in principle, fabricate materials with enhanced order and
higher refractive index.

In the magnesiothermic reduction, silica is made to react with elemental
magnesium gas, in an inert atmosphere. The products of the reaction are
magnesia and elemental silicon, according to the reaction [100]

2 Mg (g) + SiO3 (s) — 2MgO (s) + Si (s). (2.3)

The magnesia is then selectively removed by immersion in a solution of hy-
drochloric acid, according to the equation

MgO (s) + HCl (aq) — MgCl, (aq) + H20 (aq). (2.4)

The protocol followed in the current work was similar to the one proposed
by Ibisate et al. [102]. A scheme of the homemade stainless steal reactor used
for the reductions is shown in the figure 2.10a. Solid elemental magnesium
was introduced in one of the chambers while the sample was placed in the
other. As the quantity of silica composing the samples was hard to estimate
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Figure 2.10: a) Scheme of the reactor used for the magnesiothermic reduction of
the silica inverse membranes. b) Temperature program adopted for the process.

accurately, the quantity of elemental magnesium was qualitatively adjusted.
The reactor was sealed inside a glove bag with an athmosphere composed of
argon. A copper ring was compressed between the two pieces of the reactor,
when screwing them together, to assure hermetic isolation. Afterwards, it
was introduced in a muffle furnace and subjected to a temperature cycle
composed of three ramps as illustrated in Figure 2.10b. The heating ramp
was performed from room temperature to 700°C at a rate of 0.5 °C min".
Subsequently the temperature was maintained constant for 2 h and then
ramped to 30 °C with an equal rate than the one of heating. Such low heating
and cooling rates were selected so that thermal inertia of the furnace was
not significative and also to avoid drastic mechanical strain in the samples
derived from fast thermal expantions. For etching the magnesium oxide, the
samples were immersed in a solution of HCI at 10 vol% in ethanol. Typically,
three cycles of immersion in the etcher followed by washing with ethanol were
performed.

2.7 Inverse silicon monolayers

For producing new composites with spheres of 520 nm of diameter and
[TEOS] = 4.0 vol%, a process similar to that described in Section 2.2 was fol-
lowed. In this case, they were fabricated using a cut piece of silicon wafer as
substrate (glass cannot be used due to the high temperatures reached during
the reduction). As before, these samples were calcinated for eliminating the
PS spheres and next they were subjected to the magnesiothermic reduction.
Figure 2.11 exhibits the SEM characterization monitored for each step of the
fabrication process, both in surface and tilted views.
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Figure 2.11: Representative SEM images of a crystal produced with spheres of
diameter 520 nm and [TEOS] = 4.0 vol%. a) Surface view of the composite, b)
tilted angle observation. c) and d) Respective images for the same sample after
calcination. e) and f) Respective images after magnesiothermic reduction.
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Figure 2.12 displays an example of the sample after being subjected to
magnesium oxide etching with HCl. As may be appreciated in Figure 2.12a,
the hexagonal structure was still present in the final materials, although a
very distinct aspect from the one in Figures 2.11c and Figure 2.11e was ob-
served. Tilted observation showed that the structure was not robust enough
to undergo the etching procedure (Figure 2.12b). In fact, the silicon connec-
tions at the hexagon edges were lost and an unusual structure more similar
to tetrapods attached to the bottom nanobowls, at the hexagon vertices of
the lattice was obtained.

Figure 2.12: Representative SEM images of a sample produced with spheres of
diameter 520 nm and [TEOS] = 4.0 vol %, after magnesiothermic reduction and
chemical etching with MgO. a) Surface view of the crystalline structure and b)
tilted angle observation at a higher magnification.

Furthermore, energy dispersion X-ray spectroscopy was used in order to
verify the chemical composition of the final structures. As may be apreciated
from the spectrum presented in Figure 2.13, the characteristic peak of the
Ka transition of silicon was clearly visible at c.a. 1.74 keV. This peak was
approximately a factor 20 more intense than that characteristic of the Ka
transition of oxygen (c.a. 0.50 keV). Quantification of the elements resulted in
a weight percentage of 98.06 % for Si and 1.94 % for O. Additionally, no peak
characteristic of magnesium could be identified. These results demonstrated
that the oxides were correctly etched from the sample and assured that only
silicon remained on the crystals, as expected.
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Figure 2.13: Representative energy dispersion X-ray spectrum of an attemp to
fabricate silicon 10s, at the end of the fabrication process.

2.8 Conclusions

The optimal growth parameters for the fabrication of composite monolayers
consisting of ordered arrays of PS spheres in a silica background were in-
vestigated in order to achieve the widest areas of infiltration, as well as to
achieve the best quality at the microscopic level. Specifically, we studied the
correlation between the concentration of the silica precursor in the original
suspension with the degree of infiltration of the sample and the thickness
of the silica layer. Although linear fits of the filling fraction as a function of
[TEOS] exhibit a slight increase for samples produced with spheres of 430 and
520 nm of diameter, a definite tendency is not demonstrated as the experi-
mentally found values do not stand out significantly from the experimental
error. At a later phase, it was shown that the composite structure was robust
enough to withstand the thermal treatments used for the removal of the PS
spheres. Thus, although defects were introduced by the calcination, it was
possible to obtain large area inverse monolayers of good quality.

The reported results demonstrated that coassembly growth was compati-
ble with the wedge-shape confinement method for the fabrication of compos-
ite monolayers. Thus, it is possible to reduce the number of steps to produce
these structures while taking advantage of the increased quality attainable
by the cell confinement. Moreover, this material served as the basis for the
production of the inverse monolayer, achieved by thermal treatment.
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The trials for the replication of these membranes using silicon have not
been successful until now as, although the membranes resisted the magnesio-
thermic reduction process, the interconnected lattice was lost after chemical
etching for the removal of possible remaining oxides. Incidently, the pro-
posed fabrication method has shown to be interesting for achieving more
exotic structures with potential interest for coatings and for templating.

The procedure here presented allows for versatile control over the compos-
ite morphology and thus its optical response. Although the current approach
is based on the use of SiO,, the applicability of the method is currently
being studied and optimized for higher refractive index materials such as
TiOy [95] and silicon [100]. Their use could grant higher light /matter inter-
actions. Further, the possibility of adding metallic components could pave
the way to realize hybrid photonic—plasmonic systems whose optical prop-
erties are being actively explored [103,104]. We envision the kind of system
proposed here may be applied in solar cells, sensing, as black silicon [105]
or in the manipulation of nanocrystalline porous silicon emission [106,107].
Moreover, silicon porous membranes, for example, are expected to be use-
ful as anode materials in rechargeable Li ion batteries [108]. Optionally, the
proposed growth can be applied in surface patterning or in the production
of nanostructured templates for diverse applications.






Three dimensional PCs aiming light control in
the infrared

The possibility of incorporating rare earth ions, specifically erbium and yt-
terbium, within silica three dimensional photonic crystals fabricated by self-
assembly is assessed. For this end, two strategies are discussed. In first place,
doped coassembly is shown uneffective for producing doped inverse opals, due
to the fact that the rare earth ions induce colloidal instability, hindering the
self-assembly. The second strategqy consists of vapor phase doping of pre-
viously grown crystals. This method is shown to be adequate for achieving
rare earth itons incorporation. Photoluminescence is systematically analyzed
in these samples in order to study potential effects of the I'L pseudogap in
the emission.

Alternatively, the fabrication of inverse silicon opals with a full photonic
bandgap in the infrared region (1.5 pm) is tested. Intermediate steps towards
this end are presented and characterized with SEM and FTIR spectroscopy.
The proposed experimental approach is shown to be effective for partially
fulfilling the objective, although very low quality and non-uniform crystals
are obtained. In this way, the throughput of the process is reduced, limiting
the application of this system for further studies.

3.1 Introduction

As detailed in Section 1.3.2, artificial opals grown by self-assembly of sub-
micrometer spheres, are very attractive, cost-effective photonic systems [65].
The effect of opaline structures on spontaneous emission has been already
demonstrated for luminophores such as organic dyes [109], quantum dots
[110], and rare earth (RE) ions [111]. For luminescence studies, RE emitters



46 Three dimensional PCs aiming light control in the infrared

present significant advantages [112], mostly due to the fact that their emis-
sions typically correspond to 4f intra-subshell transitions, which are screened
by the completely filled 5s and 5p outer shells. For this reason, RE ions
typically present very narrow emission lines, reasonably insensitive to the
chemical environment surrounding them. Further, RE emission is also highly
photostable, exhibits high quantum yields and monoexponential decay be-
havior, with characteristic lifetimes of the order of miliseconds or hundreds
of microseconds.

Previous work reporting the effect of opal-like structures in the ma-
nipulation of RE ions spontaneous emission includes the use of bare sil-
ica opals [113,114] and composite opals with infilled pores [115-117]. RE
elements have been incorporated directly into colloidal silica [118] or tita-
nia [119] spheres. Moreover, inverse opals (IO) have been employed for host-
ing RE ions as well. They have been fabricated in such diverse compositions as
lanthanum phosphate [120], magnesium silicate [121], silicon oxide [122,123]
and silicon [111,124], this last one possibly exhibiting a full-PBG. Interest-
ingly, RE-doped opal systems have also been used to study the influence of
PBGs in the emission resulting from nonlinear processes, in which upconver-
sion luminescence enhancement or inhibition has been reported [125,126]. In
the above work, the doping of the photonic crystals (PCs) was performed
with RE elements such as europium, terbium, neodymium, ytterbium and
erbium, the incorporation of the ions being accomplished with impregnation,
sol/gel dip-coating and also ion implantation. While the last method enables
a fine control of the position of the doping emitter in the structure, with the
former techniques it is possible to achieve a more homogeneous distribution
of the REs within the crystal.

As mentioned, erbium is among the targeted RE emitters for incorporat-
ing in PCs aiming at the control of its emission. Trivalent erbium is, in fact,
one of the most relevant RE ions due to its importance for optical communi-
cations. The transition between its atomic levels 4113 /2 and & I /2 corresponds
to emission of photons at the wavelength of 1.54 pym, which superimposes the
lowest absorption band in silica - the fundamental material composing opti-
cal fibers. This is the commonly known C-band of optical communications.
Er has been used, for example, for the development of a new kind of fiber
amplifier (EDFA), which allows the amplification functionality to be kept in
the optical domain [127].

In spite of its relevance, Er has an important drawback: its low absorp-
tion cross section, which makes it difficult to pump and implement in devices.
One strategy to overcome this problem is to sensitize Er with another ion
with higher absorption cross section. Ytterbium is the most favorable selec-
tion [128], as it possesses a resonant energy level - corresponding to transi-
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Figure 3.1: Diagram of the energy levels of Er*™ and Yb3* ions illustrating the
possible energy transfer mechanisms between them. Straight arrows represent
absorption or radiative relaxations while waving arrows represent non-radiative
de-excitations.

tions between levels ?F5/5 and ?F7 /5. The energy diagram in Figure 3.1 aids
the visualization of the possible energy exchange mechanisms between the
two ions. Besides its own radiative relaxation mechanism, an electron in the
excited state 2Fj 2 of Yb might relax to the fundamental state via resonant
transfer of a photon to an electron in the fundamental state of Er - which
excites to the 41y, /2 level - or via transfer of a photon to an already excited
electron in state *Iy; s2 - in which case the electron excites to level 4F7/2.
In the erbium energy diagram, the waving arrows illustrate nonradiative re-
laxation mechanisms. The downward straight arrows signal the three most
significant lines of the emission spectrum of Er at 1.5 ym, 1.0 gm and 0.55
pm. The last one corresponds to emission in visible range occurring through
an upconversion mechanism.

The objective of the present work was to ascertain the behavior of the
Er3t /Yb3* system in a photonic environment consisting of the silica IO and,
afterwards, of the silicon 10. Particularly, we discuss the possibility of using
a doped coassembly approach followed by calcination for producing three di-
mensional silica/polystyrene composites and their respective inverse crystals.
This method revealed to be non-effective, hindering the fabrication of good
quality samples. For this reason, an alternative approach consisting of vapor
phase doping of previously grown inverse opals was explored. We present the
comparison of the Er¥" /Yb?" system luminescence in two different silica 10O
structures: one with the PBG (I'L direction) centered at the 1.5 pm region
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and one with the PBG far from the photoluminescence (PL). Contrarily to
previous approaches (based on impregnation), for the RE doping of the 10,
atomic layer deposition was selected [129]. By doing so, we tried to solve the
problem of RE low solubility in silica [130] and obtain a homogeneous distri-
bution of the emitters in the PC. This study emmerged as an intermediate
step for fabricating doped silicon 10, exhibiting a full PBG at the erbium PL
line. Attempts for fabricating silicon 1Os are discussed afterwards.

3.2 Theoretical calculations

For the design of the PCs and the correct choice of spheres size constituting
the template, theoretical calculations of band structures were done using
the freeware package MIT Photonic Bands [131]. This software calculates
eigenstates of the Maxwell equations using a planewave basis expansion. In
Figure 3.2 we present several band structures for the I'LL direction, which is
the one typically probed in experiments corresponding to different kinds of
crystals fabricated in this thesis. In particular, the structures of a bare PS
opal, a composite made of PS spheres embedded in a silica matrix (that is
the structure resulting from the co-assembly deposition), a silica IO and the
finally aimed silicon IO are shown. The vertical axis is expressed in relative
units (a/)), being a = v/2¢ for the fcc symmetry, where ¢ is the spheres
diameter.

For the PS bare opal, a gap was found at a/A = 0.60. It is well known that
this corresponds to a pseudogap as, due to its low refractive index contrast,
this structure cannot sustain a fPBG. If the PC is infiltrated with silica, this
gap displaced to lower energies (a/\ = 0.56), due to the increase of the ef-
fective refractive index. Moreover, because the index contrast decreases, the
width of the gap is also reduced. This had also effect on the high energy re-
gion. Comparing the bands at this spectral region between the PS bare opal
and the composite, it was possible to conclude that the degeneracy separa-
tion is much more pronounced in the first ones, while the second dispersion
relation was much more similar to the one of a homogeneous medium. If the
PS was substituted by air in the opal, the gap suffered a blueshift becoming
centered at a/\ = 0.77 and again widened due to the increase of refractive
index contrast. Two photonic gaps could be observed in the band structure of
the silicon 10, as expected. The I'LL pseudogap was obtained for a/\ = 0.48
and another gap centered at 0.79, which corresponds to the fPBG, as may
be appreciated from the calculation of the complete Brilloin zone (as shown
in Chapter 1, Figure 1.4). Therefore, in order for the fPBG to be centered at
A = 1550 nm, the sphere size to use should be of around ¢ = 870 nm.
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Figure 3.2: Theoretical bandstructure calculations for the I'L direction of different
photonic structures - bare PS opal, composite of PS spheres embedded in a silica
matrix, silica IO and silicon 10. Photonic gaps are signaled as grey rectangles.

3.3 Fabrication of crystals by vertical depo-
sition method

The vertical deposition method, was introduced in 1999 by Jiang et al. [13]
and it became one of the most widespread techniques used to grow artificial
opals. The reason is that it enables the fabrication of uniform, good quality
crystals and, to some extent, it allows the control over their thickness (number
of sphere layers). The method is based on the convective self-assembly of
the particles at an interface solid/liquid/vapor, by the action of a moving
meniscus [132].

In general, a flat hydrophilic substrate, such as a microscope slide or a
piece of crystaline silicon wafer, is immersed in a colloidal suspension (Figure
3.3). The crystal begins to grow at the point where the thickness of the lig-
uid meniscus becomes smaller than the spheres size - onset of ordering [133].
The deformation of the meniscus around the particles, at that interface, gives
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origin to interparticle attraction, leading to the formation of small clusters.
These play the role of nucleation points. As the solvent evaporates, the lo-
cal capillary pressure at the interface increases and the spheres are pulled
towards the substrate and towards each other. The growth develops from
there on by convective transport of particles and the opal thickness increases
monotonically untill an equilibrium thickness is reached.

evaporation

'}".??.:;_;1 ! /7

Figure 3.3: Schematic illustration of the vertical deposition method based on the
convective self-assembly of particles at a solid/liquid /vapor interface.

From the previously discussed, the evaporation rate of the solvent is a
determinant parameter affecting the crystallization, as is the mechanism re-
sponsible for the solvent transport and, consequently, the particles supply
towards the meniscus. It may be controlled by acting on the temperature -
specifically, by increasing the temperature, the evaporation rate will increase
- or on the relative humidity - decreasing the relative humidity, the evap-
oration rate will increase. Therefore, these parameters should be adjusted
in order to compensate for the sedimentation of particles due to gravita-
tional forces. If the evaporation is too slow, a significant amount of spheres
may sediment before being able to assemble. This effect is more dramatic
for silica particles with sizes above 600 nm, which are heavy and therefore
precipitate fast. In this sense, regarding big sized particles as the ones with
interest for this work, it is easier to assemble polymeric spheres due to their
smaller mass density and, consequently, their slower sedimentation rate in
comparison to silica particles. Another important parameter influencing the
crystallization is the concentration of the colloid. In general, an increase of
the colloid concentration leads to a increase of the opal thickness.
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3.4 Fabrication of composites by co-assembly

The conventional method for fabricating three dimensional opaline compos-
ites or inverse opaline structures has relied mostly on producing the bare
crystal and then infiltrating it using some chemical or physical deposition
system, followed by removal of the sacrificial template (for inversion). Nev-
ertheless, there are some limitations of these methods. For example, liquid
phase infiltration frequently gives origin to the formation of defects as over-
layer coatings, multiple domains and cracking [95]. On its turn, vapor phase
infiltration may only take place while the crystal presents interconnected
pores through which the precursors may diffuse. This fact implies that it is
impossible to fill 100% of the pore volume using these techniques [94].

In 2010, Hatton and coworkers introduced a single step method for fab-
ricating a colloidal composite consisting of PS spheres embedded in a silica
matrix [95]. It combines the simultaneous PS template self-assembly with
the silica matrix infiltration by sol/gel processing. This approach presents
some advantages such as the reduction of cracks density, growth of large and
highly ordered domains, prevention of non-uniform infiltration and the abil-
ity to assemble crystals in non flat substrates. In what follows, we discuss
briefly the sol/gel process through which the silica is synthesized.

The sol/gel synthesis is a very convenient route for the deposition of in-
organic matrices from the polymerization of molecular precursors. It allows
the production of glasses or ceramics, at temperatures much lower than those
usually employed in powders synthering techniques [134]. Tt is also the basis
of the well-known Stoéber method for the fabrication of monodisperse silica
spheres [135]. Specifically, the sol/gel synthesis is based on the formation of
a colloidal suspension of solid particles in a liquid phase (sol) by means of
hydrolysis and condensation reactions and the gelation of the sol. For pro-
ducing silica by sol/gel, the precursor is usually a liquid alkoxide Si(OR)y,
where the group R is typically of the form C,Hsy,, ;. The synthesis is schema-
tized by the chemical equations shown in Figure 3.4. In our case, the selected
alkoxide was tetraethyl orthosilicate (n = 2).

The hydrolysis reaction must be performed in an alcoholic medium due
to the low miscibility of tetraethyl orthosilicate in water. Because an alcohol
(ethanol) is also the product of the condensation, its presence may slow the
reaction kinetics. This fact, added to the extremely slow rate of the hydrolysis
in neutral pH, justifies the addition of an acid or basic catalyst to accelerate
the synthesis. However, for the same concentration of catalyst, the kinetics is
typically much faster in acid environments than in basic ones. For this reason,
a sol/gel process will tend to produce a continuous matrix using acid catalysts
as opposite to individualized particles for basic catalysts. The target of the
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Figure 3.4: Chemical equations illustrating the sol/gel silica synthesis based on
the hydrolysis of an alkoxide followed by condensation reactions producing either
an alcohol or water.

current work was to achieve a continuous matrix infiltrating the interstices of
the PS template, therefore an acid (HCI) was selected as catalyst. Following
the procedure of Hatton and coworkers [95], the mixture (1.5 vol% ethanol : 1
vol% 0.1 M HCl in water : 1 vol% tetraethyl orthosilicate) (denoted as TEOS
from now on) was pre-hydrolyzed during 1 h before adding it to the colloids
for performing the vertical deposition. After this addition, the hydrolysis
keeps taking place, as well as the condensation reactions. In this step, silanol
species produced during the hydrolysis polymerize with the formation of
siloxane bonds (=Si-O-Si=) and production of water or ethanol (Figure 3.4).

3.5 Optimization of TEOS concentration

Similarly to the monolayers presented in the previous chapter, it was also pos-
sible to observe different growth regimes for the three dimensional composite
crystals. Co-assembly, accompanied by template infiltration of the structures,
occurred while there was tetraethyl orthosilicate available to hydrolyze and
condense. Nevertheless, at some point, TEOS was consumed, although there
were still particles available in the colloid to continue the crystallization. For
this reason, the growth of a bare opal developed from thereon. The frontier
marking this transition is exemplified in Figure 3.5 which shows a represen-
tative SEM image of the effect.
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Figure 3.5: Representative SEM image exhibiting the typical frontier observed in
co-assembly grown crystals, after all TEOS precursor had condensed and only
bare opal grows thereon.

As a first step for the co-assembly vertical depostion implementation,
aiming at the fabrication of composite opals, the concentration of the TEOS
precursor was adjusted in the interval [0.0, 2.0] vol%. A set of samples was
produced using pieces of silicon wafer (approximately 1 x 2 cm?) as a sub-
strate. They were immersed in chromic mixture for 30 min and then abun-
dantly rinsed with distilled water. Colloids were prepared in clean vials, to-
talling a final volume of 10 mL each. A volume of 250 uL of the commercial
suspension (¢ = 870 nm, originally at a concentration of 10 wt%) was added
to each vial, as well as the respective volume of TEOS and double distilled
water. The substrates were immersed in the colloid and everything was placed
in a climatic chamber, with temperature 45°C and relative humidity of 20
%, in order to evaporate the solvent and proceed with the crystallization of
the opal.

Figure 3.6 shows a representative SEM image of a sample produced with
[TEOS] = 0.25 vol%. As may be appreciated, it was not possible to achieve
a continuous matrix of silica filling in the interstices between spheres. In
this case, it is probable that silica aggregates nucleate in the colloid and
increase size by condensation. Similarly to the PS particles, they displace
towards the meniscus region by convective transport and incorporated into
the crystal. Nevertheless, due to the low precursor concentration, the amount
of silica produced is not enough to fill the pores. Notably, the presence of silica
induces a non-close packed morphology with an approximately 7% increase
of the lattice parameter with respect to the close packed structure.
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Figure 3.6: SEM image of a composite opal produced with a too low concentra-
tion of the silica precursor - [TEOS] = 0.25 vol%.
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Figure 3.7: SEM images of composite opals produced with a concentration of
TEOS of a) 0.5 vol%, b) 1.0 vol%, c) 1.5 vol% and d) 2.0 vol%.
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Figure 3.8: Reflectance and transmittance spectra collected along the 111 di-
rection for the composite opals grown with increasing concentration of silica
precursor.

For the TEOS concentrations of 0.5 vol% and 1.0 vol%, a complete matrix
infiltrating the PS template was observed (Figure 3.7a and Figure 3.7b, re-
spectively). The samples presented good crystalline order and extense regions
free of cracks. For higher TEOS concentrations (Figure 3.7c and Figure 3.7d),
a silica overlayer was observed covering the underlying composite. Moreover,
it was observed that, for such concentrations, the crystallinity degree was
worse, more appearing deffects and different packaging structures. Addition-
ally, there seems to be an increase of mechanical stresses, as the crystal curved
at the edges between cracks.

The samples were further characterized by FTIR spectroscopy. Figure 3.8
presents the evolution of reflectance and transmittance spectra with increas-
ing amount of TEOS in the range of [TEOS] = [0.5, 2.0] vol%. The shape of
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the spectra agreed with the results obtained by SEM. A Bragg peak was ob-
served centered at A = 2082 nm (2044 nm) for [TEOS] = 0.5 vol% (1.0 vol%).
The positions of these peaks were near that theoretically predicted (Figure
3.2) - calculations determined that the gap should be centered around A =
2197 nm. The smaller value of the colloidal silica refractive index, as well
as finite crystal size effects, acounts for the slight differences observed [136].
For the sample produced with [TEOS] = 1.5 vol%, the Bragg peak was still
detected, centered at A = 2038 nm, which indicated that the grown overlayer
was very thin. Nevertheless, the peak was spectrally much broader and the
Fabry-Perot oscillations more spaced, a signal that the sample was consti-
tuted by a smaller number of sphere layers. Therefore, the overlayer seemed
not to have a dramatic impact on the presence of the pseudogap, although
the effective reduction of the opal was a hint that some colloidal instability
could be starting to take place at this concentration. Finally, Fabry-Perot
oscillations were not observed in the spectra for the sample of [TEOS] =
2.0 vol%, neither the Bragg peak. These results, in conjunction with SEM
analysis, pointed out that the concentration interval [0.5, 1.0] vol% was the
most suitable for fabricating the composite opals.

3.6 Fabrication of composites by doped co-
assembly

As a preliminary study for the preparation of IOs by doped coassembly, silica
films were fabricated on bare silicon substrates, by a sol-gel method, start-
ing from different Er dopant precursors. This study was done in order to
investigate which of the precursors allowed the best RE dispersion in the
silica matrix, aiming at the highest possible emission efficiency. Specifically,
a TEOS solution was prepared (see Section 2.2) and after 45 min of pre-
hydrolysis it was separated in three parts. A quantity of 1 mol% of dopant
erbium precursor, namely erbium (III) fluoride (ErF3), erbium (III) chloride
(ErCls) or erbium (III) nitrate pentahydrate (Er(NOj);-5H20), was added
to each pre-hydrolised TEOS solution, after which the solutions were further
sonicated for 15 min. Three films containing the Er precursor were cast into
the substrates and then annealed at 1000 °C for 1 h. This treatment is re-
quired in order to activate the Er PL by removing hydroxyl groups, which
are known to be responsible for the 1.5 ym band emission quenching [137].

PL spectroscopy results revealed similar performance of samples doped with
ErCl; and Er(NOj3)3-5H20, while no PL signal could be identified from the
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film doped with ErFs. In view of these results and in order to keep the ionic
species in the colloid similar (Cl~ is present already due to HCI), ErCl; and
YbCl3 precursors were initially selected.

To ascertain the maximum RE doping quantities allowed without perturb-
ing the colloidal stability of the suspensions, flocculation tests were carried
out. A set of suspensions (10 ml each) was prepared. For a fixed concentra-
tion of commercial polystyrene (PS) colloid of 1.0 vol% (Thermo Scientific,
¢ = 870 nm, original concentration 10 wt%) and a concentration of TEOS of
1.0 vol%, the concentration of Er and Yb ions was varied in the range [0,1]
mol% and [0,7.5] mol%, respectively, according to previous optimization re-
ports [138]. The colloids were sonicated for a few minutes for homogenization
and then introduced in an oven with temperature conditions similar to those
used for assembling opals. The state of the suspensions was monitored up
to a maximum of 24 h. It was verified that in all of the co-doped samples
(containing both Er and Yb) flocculation and precipitation occurred in the
first few hours. However, samples produced incorporating up to 1 mol% of Er
exclusively, preserved their stability for the complete period. This prelimi-
nary experiment allowed us to conclude that the presence of the charged ions
perturbed the rheological stability of the colloid [98]. It also showed that the
maximum concentration of REs not dramatically affecting that stability was
1 mol%.

Considering the conclusions of these preliminary tests, new experiments
were performed aiming at the fabrication of composite opals by RE-doped
coassembly - therefore constituted by PS spheres embedded in a matrix of
Er-doped silica. For this, an adapted version of the vertical deposition proce-
dure [95], incorporating the doping with Er, was employed. Similarly to the
preliminary tests, colloids were prepared using a fixed [TEOS] = 1.0 vol% and
a concentration of the PS commercial colloid of 1.0 vol%. A small quantity
of ErCl; was added to the pre-hydrolized TEOS, in the range [0,1.0] mol%.
The samples were placed in an oven at T = 65°C and left to evaporate the
solvent for approximately 48 h.

After collecting the substrates, very low adhesion of the composites was
observed. The deposited materials presented small thickness, with only a
few layers of spheres. Furthermore, they presented a white aspect, with no
observable iridescence, which is a characteristic of disordered non-absorbing
photonic materials. The typical microscopic aspect of these samples is ex-
emplified in Figure 3.9. As may be appreciated, a composite was in fact
obtained, although the crystallization was dramaticaly precluded due to the
presence of the RE ions. These results demonstrated that, even using the
minimum quantity of Er dopant possible, no crystalline opaline materials
were obtained.
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Figure 3.9: Representative SEM micrograph of a sample fabricated by Er-doped
coassembly using polystyrene spheres of 870 nm in diameter (Er concentration
0.75 mol%).

In the previous experiment, PS spheres were employed for testing the fab-
rication of the opal composites. This kind of particles possesses a hydrophobic
anionic surface. In order to test the possible effect of surface properties in the
opals growth and to improve their crystalline quality, new tests were done us-
ing PMMA spheres which are synthesized with a hydrophilic anionic surface.
In first place, a new preliminary aggregation test was performed. Similarly to
the PS essays, a set of samples each with a total volume of 10 ml was prepared
using [TEOS] = 1.0 vol% and a concentration of commercial colloid of 1.0
vol% (PMMA particles with ¢ = 652 nm at an original concentration of 10
wt%). The quantity of ErClz and YbCl; added to the TEOS mixture ranged
from [0, 1] mol% and [0, 7.5] mol%, respectively. Interestingly, no flocculation
was observed for the colloids prepared with PMMA spheres, regardless of the
RE dopants concentration used, up to the maximum ones.

New composites were tested for co-doped coassembly growth using the
PMMA spheres. A summary of the colloids prepared in this experiment is
presented in Table 3.1. With these conditions, it was hypothesized that their
stability could be better preserved, what could have a positive impact on
the spheres crystallization during the evaporation step. Figure 3.10 exhibits
representative SEM images of two composites obtained. Figure 3.10a shows
an example of the (undoped) control sample - sample 5 in Table 3.1. Although
it was possible to identify some characteristic defects such as missing spheres
or dislocations, a very good overall degree of order could be appreciated.
On the contrary, for the doped samples, even those doped with Er only,
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vt [TEOS]  ¢(9) [Ex] [Yb]
ml]  [vol%] [vol%] [mol%] [mol%]

1 10 1.0 1.0 1.00 0.75
2 10 1.0 1.0 1.00 0.00
3 10 1.0 1.0 0.75 0.00
4 10 1.0 1.0 0.50 0.00
5

10 1.0 1.0 0.00 0.00

Table 3.1: Summary of the set of samples produced by co-doped coassembly
and using PMMA spheres. From left to right: sample label, total volume of
colloid prepared (vt), concentration of silica precursor ([TEOS]), concentration

of commercial colloid originally at 10 wt% (c(¢)), concentration of erbium ([Er])
and ytterbium ([Yb]) added to the pre-hydrolized TEOS solution.
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Figure 3.10: Representative SEM images of the composites grown by co-doped
coassembly, using spheres of PMMA of ¢ = 652 nm. a) Control sample with [Er]
= 0.00 mol% and b) [Er] = 0.50 mol%. The respective Fourier transform of the
image is shown in the insets.
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Figure 3.11: SEM image of a co-doped coassembly test, using tris(2,2,6,6-
tetramethyl-3,5-heptanedionate)erbium(l11) as doping precursor. In this example,
the concentration of Er was 0.75 mol%.

amorphous morphologies were obtained, exhibiting only very short range
order (the sample doped with 0.50 mol% - sample 4 in Table 3.1 - is shown
in Figure 3.10b). The comparison may be also appreciated in the Fourier
Transformed images shown in the insets of the figure. In the first case, the
transform exhibits individual points, disposed in the characteristic hexagonal
pattern, pointing out to a good quality and high degree of order. In the case
of the amorphous structure, the transform is composed of a small number of
concentric rings, a typical sign of short range order, only.

The search for the improvement of the crystalline order of the samples
encouraged us to investigate the influence of some additional parameters
namely, the time of addition of the RE ions during the TEOS hydrolisis and
the kinetics of the hydrolisis reaction (by changing the amount of acid cat-
alyst in the mixture). Systematic tests done changing these conditions led
to the growth of composites quite similars to those shown in Figure 3.10b,
meaning that it was not possible to identify any correlation between them
and an enhancement of order. Furthermore, doping with other precursors
was explored, including ErF3 and Er(NOj3)3-5H20, which had been initially
discarded, with equivalent results. As a final test, doping using tris(2,2,6,6-
tetramethyl-3,5-heptanedionate)erbium(III) was attempted. In this case, the
Er ion is protected by organic methyl groups which could lead to some charge
shielding. Nevertheless, results showed that also in this case very poor degree
of order was obtained and furthermore, the silica properties were compro-
mised as it presented significant cracking (Figure 3.11).
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3.7 RE doping of inverse opals using atomic
layer deposition

As detailed in Chapter 1, IOs are functional materials that present a high
degree of interconnected porosity, with a very narrow distribution of pore
sizes [139]. For that reason, they have impact on areas as distinct as tissue
engineering where they can play the role of scaffolds for cell growth [18,140],
sensing for pH measurement or chemical species detection [141,142], catalysis
where the presence of photonic bandgaps may enhance photocatalytic activ-
ity [143], energy for the fabrication of electrodes with application in lithium
ion batteries [17] and, certainly, in photonics [144, 145].

Based on the outcome of the initial tests regarding the production of
doped 10s, discussed in the last section, a new approach was attempted based
on four successive steps: a) fabrication of good quality composites made of
PS spheres embedded in a silica matrix, b) calcination for removal of the
sacrificial PS and production of the inverse structures, c¢) co-doping with
Er3*t and Yb3' ions by atomic layer deposition, and d) thermal annealing
for photoluminescence activation of the REs. For comparison, in order to
ascertain possible photonic effects due to the presence of gaps, two kinds of
samples were fabricated, one with spheres of diameter ¢ = 490 nm and the
other of ¢ = 870 nm. According to theoretical calculations, the IOs produced
with the former ones should not present any gaps in the Er PL region, while
the I'LL pseudo gap should be tuned with the PL peak in the later ones.

Composites of PS spheres embedded in a silica matrix were produced us-
ing the vertical deposition method [13] in conjunction with coassembly [95].
As the process was already described in Section 3.4, in what follows we briefly
review only the specificities. For the preparation of the colloids, in the case of
the samples produced with spheres of ¢ = 490 nm, 9.8 ml of distilled water
(18.2 M) were poured into each vial, as well as 50 pl of TEOS and 150 pul
of the commercial spheres suspension. In the case of the samples produced
with spheres of ¢ = 870 nm, the volume of distilled water added was 9.7
ml, the volume of TEOS 50 ul and the one of the commercial suspension
250 pl. The slight concentration adjustment was made for compensating the
highest sedimentation rate of the heavier particles. Regarding the prepara-
tion of the substrates, quartz slides were cut and washed with water and
detergent. Then, they were rinsed with distilled water and dried under a ni-
trogen flux. The same was done for the preparation of glass vials. The vials
were filled with hydrogen peroxide (H,O2) and placed in a thermal bath at
the temperature of 80°C. The quartz substrates were immersed into them
and left to hydrophilize. After 1 h, both substrates and vials were carefully
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Figure 3.12: Representative SEM images at low and high magnifications of opal
composites grown with spheres of a) 490 nm and b) 870 nm in diameter.

rinsed with distilled water and again dried under a nitrogen flux. The sam-
ples were left to grow at a temperature of 45°C and relative humidity of
20% and collected after approximately 60 h. Figure 3.12 exhibits the aspect
of the composites obtained. As appreciated in Figure 3.12a, good quality
crystals were obtained with the low diameter spheres. In particular, crack
free regions of areas as high as 6x103 um? could be observed. In the case
of the high diameter spheres, the quality was even better, with areas of the
order of 3x10* um?. A statistical analysis was performed from SEM images,
to determine the average apparent diameter and the lattice parameter of the
structures. Results demonstrated that the composites organized in a close
packed form, with the embedded spheres touching each other.

For the inversion of the composites, a comparative study was done be-
tween calcination and oxygen plasma etching. Although, as stated in Section
2.4, no significant differences could be appreciated between both processes for
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Figure 3.13: Comparison between two pieces of the same composite sample,
produced with spheres of ¢ = 870 nm, after PS removal by a) thermal calcination
and b) oxygen plasma etching.

the inversion of monolayers, that was not the case for the three dimensional
PCs. The obtained inverse crystals were characterized by SEM. Figure 3.13a
shows the typical aspect of a sample after being subjected to thermal anneal-
ing (same protocol as presented in Figure 2.2) while Figure 3.13b exhibits a
piece of the same sample that was instead subjected to plasma etching. In
the later case, the treatment consisted of two cycles of plasma etching of 10
h each. It was observed that, not only the walls of the silica IO obtained by
plasma etching were thicker, but also more irregular. This could be explained
by the second method leaving some polymeric residues remaining in the 10.
Therefore, calcination was in general the technique adopted for the opals
inversions.

Figure 3.14 exhibits the SEM analysis of the crystals after calcination, for
both the 490nm spheres (Figure 3.14a) and 870 nm (Figure 3.14b). Results
showed that the spheres were correctly removed and the crystals preserved
their quality. Nevertheless, it was possible to observe cracks widening, due
to the fact that the substrate thermal expansion is different from that of
the silica opal. Windows interconnecting the spherical voids, at the points
where the spheres were initially touching, were also observed. These are char-
acteristic of the IO morphology and was also a hint that the structure was
initially in a close packed form. Moreover, the results pointed to an increase
of 20% of the apparent diameter of the top layer of spherical voids and a 10%
increase of the lattice parameter, after calcination. This effect may be due
to mechanical relaxation induced by the thermal expansion and contraction
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Figure 3.14: Representative SEM images at low and high magnifications of 10
grown with spheres of a) 490 nm and b) 870 nm in diameter, after calcination
and removal of the sacrificial PS spheres.

during the annealing. Naturally, this aspect must be taken into account when
configuring inverse structures for specific spectral ranges.

For doping the crystals with the RE elements, atomic layer deposition
(ALD) was used [129]. This technique is similar to chemical vapor deposi-
tion, although allowing a much finer degree of control over the quantity of
materials deposited. It was performed in a Cambridge Nanotech Savannah
5100 system. The selected precursor for erbium was tris(2,2,6,6-tetramethyl-
3,5-heptanedionate)erbium(III), which was heated at 160°C, and for ytter-
bium, it was the tris(2,2,6,6-tetramethyl-3,5-heptanedionate)ytterbium(I1T),
heated at 220°C. Additionally, the selected temperature for the ALD cham-
ber center plate was 300°C. Nitrogen flux was maintained at 20 sccm. Both
precursors of the REs were pulsed during 0.01 s (1Er: 3Yb) and made to re-
act with ozone for the deposition. The duration of the ozone pulses was 0.25
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Figure 3.15: Representative energy dispersion X-ray spectrum of an 10 (¢ = 490
nm), after RE deposition using ALD.

s. Finally, in order to activate the Er emission, the samples were subjected
to a second thermal annealing, composed of three ramps: heating at a rate
of 10°C/min from room temperature up to 900°C, followed by a plateau of
2 h and a final cooling stage performed at the natural rate imposed by the
furnace inertia.

To confirm the doping of the PCs, energy dispersion X-ray spectroscopy
was employed. A representative spectrum for one sample produced with
spheres of 490 nm is shown in Figure 3.15. In general, the spectra showed
the characteristic signals of oxygene, erbium, ytterbium and silicon. It also
showed some potential fluor or zinc peak of an unclear procedence (probably
some contamination during the deposition procedure). Elemental analysis re-
sulted in an atomic percentage of 33.30% (O), 4.60% (Er), 12.72% (YD) and
20.05% (Si), in reasonable agreement with the expected ratios.

3.8 Optical characterization

As calculated theoretically and depicted in Figure 3.2, the I'LL gap of an opal
composed of PS spheres embedded in silica appears at (a/A) = 0.56 and that
of a silica 10 at (a/A) = 0.77. Therefore, for the spheres used in the current
work, the gaps should appear respectively at 1238 nm and 895 nm for the
samples of ¢ = 490 nm and at 2197 nm and 1588 nm for those of ¢ = 870 nm
(Table 3.2). The fabrication steps discussed in the previous section were also
monitored using Fourier transform infrared spectroscopy (FTIR), in order
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sample  (a/)\)  #(490)  ¢(870)
composite 0.56 1238 nm 2197 nm
10 0.77 895 nm 1588 nm

Table 3.2: Summary of the theoretical spectral positions of the I'L pseudogaps
for a fcc structure, for the two sizes of spheres used in the current work.

to follow the behavior of the referred gaps. Reflectance and transmittance
spectra were collected employing a Bruker IFS 66S spectrometer coupled to
an optical microscope. Some representative spectra obtained are shown in
Figure 3.16.

The position of the gaps could be clearly appreciated as peaks corre-
sponding to maxima in reflectance mode or minima in transmittance. For
the composite samples, the agreement between the experimental data and
the theoretical expectations was good. For the sample ¢ = 490 nm (870 nm),
the gap was found at 1207 nm (2117 nm). We note that a typical variation
of 2% was found in the central wavelength of the peak (Apyqq) by scan-
ning along different points of the same sample, to check for reproducibility.
Therefore, the differences with respect to the values shown in Table 3.2 can
be considered within the experimental error. An additional factor that may
contribute to this small discrepancy (since the experimental one was system-
atically smaller than the theoretical calculation) is the refractive index of
colloidal silica being smaller than that of bulk silica considered for calcula-
tions.

After thermal treatment, the peaks displaced towards the blue region
of the spectrum, in agreement with to the predictions. Nevertheless, this
displacement was significantly larger than the theoretical one for both sizes of
particles. This observation could not be explained by the changes in geometry
of the opal since the lattice parameter showed an increase after the annealing,
which, if any, would imply a redshift of the peaks. On the contrary, the
observations implied an effective refractive index smaller than the initially
supposed. This result seems to be plausible considering a more significant
porosity increase in the calcinated structure, implying that the silica filling
fraction of the calcinated samples was lower than the theoretical 26%.

Finally, we note that after REs ALD, the peaks suffered a slight redshift.

This was explained by the increase of the refractive index, due to the presence
of the dopant species thus, the increase of material amount. We observe that,
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Figure 3.16: Reflectance and transmittance spectra of the samples fabricated with
spheres of a) 490 nm and b) 870 nm in diameter at three successive fabrication

steps (composite, calcinated and RE-doped by ALD).
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