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Preparation of Oblique Angle Deposition (OAD) thin films @k el gk

As an emerging field, Optofluidics presents many challenges and
opportunities for nanotechnology fabrication methods such as Oblique Angle
Deposition (OAD). The goal of the present thesis has been to explore the
possibilities of OAD thin films as sensors by means of the comprehension of
their optofluidic response.

In this Introduction, we present first a brief overlook on thin films trends and
applications and what is the role of OAD thin films on it. Afterward, we explain
the preparation of OAD thin films, beginning with the particular geometry of
the deposition process and with emphasis on the shadowing effect. Following
with a description of their microstructure possibilities, we explore how they
lead to the control of the porosity and optical properties.

Once we have introduced OAD thin films, we present the field of Optofluidics
and how it has emerged taking advantages of the developed techniques of
Microfluidics and how it has supposed another step in the concept of “lab on a
chip”. Among the several kinds of optofluidic sensors, we introduce the
refractive index (RI) sensors and its advantages focusing on the photonic
crystals sensors. Finally, we show an optofluidic RI sensor by OAD developed
by Lola Garcia et al. (REF) consisting in a porous photonic crystal. This device
established the basis of the present thesis.

1.1 Preparation of Oblique Angle Deposition (OAD) thin films.

Surface engineering by thin films deposition is an important technological
field thanks to the wide set of applications benefitting from its contributions
such as optics and displays, microelectronics and information processing,
energy generation and storage, and many other every-day devices. The thin
film field covers all these applications not only because of the wide variety of
deposited materials, but also due to the possibility of engineering thin film
properties through physical structuring at sub-micrometre scales. Control of
porosity is a typical example of this capability and, through it, of the optical
properties of the films1-é.

17



Chapter 1 Preparation of Oblique Angle Deposition (OAD) thin films

Among the wide variety of available thin films deposition processes, we will
focus in electron beam assisted Physical Vapour Deposition (PVD). The term
PVD originally appeared in the 1966 book: Vapor Deposition by C. F. Powell, .
H. Oxley and ]. M. Blocher Jr., although Michael Faraday was already using this
technique to deposit coatings as far as 1838. During the deposition of thin films
by electron beam evaporation, electrons are produced by a heated wolfram
filament in high vacuum conditions and directed to anode of the material
intended for evaporation. The electron beam heats the target and causes its
partial evaporation in the form of a vapour flux that, upon deposition on a
substrate located in a “line of sight” configuration (and on the whole vacuum
chamber), produces a deposited layer of the anode material. The controlled
deposition rate enabled by this technique offers ideal conditions to achieve a
strict structural and morphological control of the deposited thin film as it will
be further discussed in this introductory chapter?.

Within this context, Oblique Angle Deposition (OAD), as well known as
Glancing Angle Deposition (GLAD), constitutes a straightforward method to
fabricate nanostructured columnar architectures that takes advantage of
prevalent physical vapour deposition processes based on evaporation or
sputtering. One of the most remarkable aspects of this technique involving
tilting and rotating the substrates at the macroscale relies on the three-
dimensional precision achievable by the fabrication on nanosculptured arrayss.

Even though the application of the method was reported by the first time
more than a hundred years ago,%1° systematic applications of OAD thin films
due to their peculiar columnar microstructure and the factors controlling its
development were only apparent in the period 1950-1970 1-611, Thereafter, a
renewed interest in this technique has arisen during the last 20-25 years, when
the OAD procedure has been systematically utilized for the development of a
wide variety of applications and devices requiring a strict control over
porosity, anisotropy and/or crystallographic texture of the deposited thin
films. Very interesting examples in fields such as sensor technology,
photovoltaic cells, magnetism, optical devices, electrochemistry and catalysis
can be quoted to prove this assertion2-22,

1.1.1. Geometry of the deposition process and shadowing effects.

With respect to the substrate, electron beam deposition is a low temperature
process and as such thermally activated mobility processes of ad-atoms on the
surface are rather limited. This means that the diffusion of particles during the

18
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growth of the film becomes negligible, meaning that the vapour particles are
incorporated at their point of impact, a process that is usually recognized as
ballistic deposition. As a consequence, the main mechanistic factor controlling
the nanostructural evolution of the films is a “shadowing effect” that prevents
the deposition of particles behind the initially formed nuclei (i.e., shadowed
regions)213,

Figure 1.1 presents a scheme of the OAD geometrical configuration during
deposition from an e-beam evaporation source. The scheme (Figure 1.1 a))
describes the geometrical parameters relevant to the OAD growth, namely the
zenithal angle of alignment between the source and the film (o), the azimuthal
angle (&) and the polar angles (8) and (8). By the approximation of considering
a nearly punctual source, the zenithal and azimuthal angles are well defined in
e-beam assisted evaporation experiments.

b) ’:

Figure 1.1. OAD deposition process. a) Definition of deposition angles from a punctual
source. b) Scheme showing the effect of shadowing during the initial and subsequent
stages of deposition and the control mechanism of the tilting angle of the nanocolumns.

Figurel.1 b) illustrates the most basic notions of OAD of thin films212-14
showing than the first nuclei formed during the earliest stages of deposition
project a shadow behind them that prevents the deposition of any further
evaporated material within the ”shadowed” areas. As the deposition
progresses, these nuclei induce the formation of tilted and separated

19



Chapter 1 Preparation of Oblique Angle Deposition (OAD) thin films

nanocolumns which is the most characteristic feature of OAD thin films. This
nanocolumnar arrangement gives rise to some of the outstanding properties of
these thin films such as porosity, birefringence and magnetic anisotropy.

The low kinetic energy of the particles when landing onto the surface (the
energy of evaporated atoms is around 0.2 eV) excludes kinetic energy-induced
processes during the competitive growth of the tilted nanocolumns and
supports the relevance of the arrival angle of vapour species («) for the control
of the final microstructure of the films?.

The existence of a direct relationship between the tilt angle of the
nanocolumns (f3) and the zenithal evaporation angle (a) has been recognized
since the early works about OAD thin films and several attempts made to
correlate them with simple formulas (see Fig. 1.1(b)). The two most popular
heuristic expressions correlating the oblique angle of evaporation and the tilt
angle of the nanocolumns are the tangent rule proposed by Nieuwenhuizen
and Haanstra?# and the cosine rule proposed by Tait et al.23 Despite some
concordances, none of these heuristic approaches succeed in accounting for the
experimental tilting angles, failing for most deposition conditions. Taking into
account the interaction between the deposition particles and the surface of the
deposited material, Alvarez et al.2425 have succeeded in accounting for the
dependence between o and 3 by means of a new concept named “surface
trapping mechanism” based on atomistic considerations.

1.1.2 Microstructure and Sculptured thin films.

Figure 1.2 shows some examples of thin films grown by means of OAD
varying different geometric parameters. The cross section images in Figure1.2
a) show the different microstructures obtained during a simple deposition as a
function of the deposition angle a. Meanwhile, the top view micrographs
included as insets highlight the dependence of film roughness and porosity on
the deposition angle a. This columnar morphology typical of OAD thin films
converts into more complex thin film microstructures when the substrate of
the films moves during deposition. The term/concept “sculptured thin film”,
has been coined to describe these thin film topologies in which the orientation
and/or width of the nanocolumns adopt singular forms (e.g., oblique
matchsticks, chevrons, multiple zigzags, S’s, C’s, helices and even superhelices)
in response to the movement of the substrate during deposition?s. It is
remarkable that tailoring the microstructure of these sculptured thin films is
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used to enhance some specific properties of the films to give rise to new
potential applications18-20,

7 .

b) DRRET
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// \</ »
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Figure 1.2. Selected SEM micrographs of OAD sculptured TiO thin films. a) Cross
sectional and normal (inset) SEM micrographs of a series of TiO; thin films e-beam
deposited at zenithal angles varying from 60° (left) to 85° (rigth)26. Cross sectional
SEM images of b) zig-zag nanocolumns obtained by back and forth azimuthal turning of
the substrate??, c) spiral nanocolumns obtained by continuous azimuthal rotation (i.e.,
dynamic OAD)?28, d) zig-zag plus spiral nanocolumns (author’s unpublished results), e)
nanocolumns with width modulation obtained by azimuthal rotation and back and
forth polar angle tilting23, and f) vertical nanocolumns obtained by rapid azimuthal
rotation at two different rates2°.
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Typical sculptured thin films are obtained by changing, either alternatively or
simultaneously, the zenithal («), azimuthal (¢) and/or polar (6) angles (c.f,
Figure 1.1 a)) to alter the incoming direction of the vapour flux during growth.
Combinations of different materials have been also reported during the
fabrication of sculptured thin films3?. In all cases, shadowing effects are
considered as one of the main factors determining the appearance of the large
variety of nanocolumnar morphologies obtained. Some examples are presented
in Fig. 1.2 b) showing a series of selected SEM micrographs of TiO; thin films
depicting different morphologies resulting from tilting and/or rotation of the
substrate during the deposition. Brett et al.1819 and other authors27-29.31-57 have
carried out a systematic work in this area and proved the possibility of
controlling the film morphology by systematically moving the substrate during
deposition.

1.2. Porosity and optical properties of OAD Thin Films.

Optical properties of OAD thin films are closely related not only to their
composition but also their microstructure. One of the possibilities brought
about by the oblique deposition configuration is the tunability of the refractive
index of the films by tuning their porosity/density which, in turn, can be
controlled by the deposition angle a. Bruggeman’s and Maxwell-Garnett’s
models based on the effective medium approximation have been used to
estimate an effective refractive index ner depending on the porosity and
composition of the thin films. Thanks to the high porosity achievable by OAD,
thin films with very low refractive indices can be fabricateds4-57.

Another outstanding property stemming from the tilting nanocolumnar
structure of OAD thin films is their optical anisotropy, an effect well-known
since the earliest studies on this matter56. Thus, even if at atomic scale the
constituent material is isotropic, asymmetric columnar structure, lateral
connectivity and bundling association!258 of nanocolumns may contribute to
induce the development of an anisotropic optical response3259. Light
propagation through these film exhibits a polarization-sensitive behavior
which is often exploited in optical devices such as polarizers or waveplates. In
the natural world it is quite common to find optical anisotropic materials, as
the Iceland spar (a type of calcite) where their intrinsic birefringence only
depends on the type of material not on its mesoscopic structure as it happens
with OAD thin films.

22
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Figure 1.3 shows some examples of the microstructure of anisotropic and
isotropic thin films prepared by OAD, together with a schematic description of
their optical behavior using a refractive index ellipsoid. The anisotropic OAD
thin films depicted in Figures1.3 a) and b) are characterized by a tilted
columnar shape (side view) and a larger growth in a particular direction (down
column axis view). As a result of this asymmetry, we can see in Figure 1.3 c)
the biaxial anisotropy of its corresponding refractive index ellipsoid accounting
for a surface optical anisotropy for these OAD thin films. On the other hand,
Figure 1.3 d) and e) present a vertical oriented OAD thin film microstructure
as an example of an isotropic morphology. In this case the rotational symmetry
in the surface plane yields a symmetric refractive index ellipsoid (Figure1.3 f))
accounting for an optically isotropic thin film.

Figure 1.3. Cross sectional and top view SEM micrographs of TiO; thin films prepared
by OAD: a) & b) anisotropic and d) & e) isotropic microstructures. c) & d) Schemes of
the refractive index ellipsoids of these microstructures.

The optical anisotropy in OAD thin films can be easily described by means of
a planar birefringence, defined as the difference between the refractive index
along a slow axis and a fast axis with respect to a light beam impinging at
normal incidence on the film surface. This difference will be zero in the case of
isotropic materials (as the reported in Figure 1.3 d) and e)) but have a non-

23
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zero value for anisotropic materials (Figure 1.3 a) and b)). In general, the
planar birefringence can be written as:

M =ns—ng

As an example, Figure 1.4 shows the evolution of the planar birefringence as
a function of the deposition angle a for TiO; thin films prepared by OAD®O.
Planar birefringence of another inorganic oxides deposited by OAD has been
reported in the literature8s. The series of top view SEM micrographs and the
corresponding Fourier transforms included as insets highlight the anisotropic
growth of some of these films.
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Figure 1.4. Left) Birefringence of OAD TiO; films at different flux angles. Right) Top
view SEM images of OAD TiO; films. (a) a=60°; (b) a=70¢; (c) a=75¢; (d) a=80¢. Inset is
a two dimensional FFT of the corresponding surface images.

1.3. Optofluidics.

Optofluidics, as described by the name, represents an emerging field
integrating optics with fluidics and, more specifically, the synergistic
integration of photonics and microfluidics. Although liquid enabled optical
devices, such as the liquid mirror telescope®! or dye lasersé?, were invented a
long time ago, the term Optofluidics was only adopted after the successful
efforts in the area of microfluidics by many optical and microfluidic groups
worldwide®3-73. In particular, following the miniaturization and integration
works in the semiconductor field, the microfluidics area emerged in the early
1990s when researchers saw the potential of developing the ‘lab on a chip’7475
concept. Some of the first successful steps towards the development of
integrated devices involved the incorporation of optical elements such as
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waveguides’® and plasmonic surfaces?” together with the microfluidic
channels. Thus, new concepts for using microfluidic elements as a fundamental
part of photonic devices start to emerge in the early 2000s with the
development of technologies such as the bubble switch’8, liquid-crystal
switchable gratings7® and microfluidically tunable photonic crystal fibers??. In
the mid-2000s these research directions began to merge into the new field of
‘Optofluidics’.

The significance of fluids for an efficient control of optical performance of
devices stands from their unique properties that, overpassing those of
equivalent solid materials, can be used to design and fabricate astonishing
novel optical systems. Examples of such properties include the optically
smooth interface formed between two immiscible fluids; the ability of flowing
streams of miscible fluids to create gradients in optical properties by diffusion;
and the ability to change the optical property of a fluid medium within a device
by simply replacing a liquid by another.

The two major advantages of Optofluidics are associated with the concepts of
integration and reconfigurability. Although photonics has long been used to
study non-solid materials such as liquids, traditionally the fluidic media have
not comprised any functional part of the photonic device or system. However,
Optofluidics has significantly progressed in the integration of liquids as optical
components enabling new photonic functionalities and devices that were
previously impossible8!. In addition, Optofluidics permits the fast and tailored
change in the optical properties of the devices by fluidic reconfigurability82-8e,

These unique features of Optofluidics provided by the integration and
management of non-solid media are well-suited for a broad range of
applications as photonic components, optical manipulation®® and energy
systems®”. In particular, Optofluidics is well-suited for biological and chemical
analysis and analysis of extremely small detection volumes (femtoliters to
nanoliters) because it enables small-volume sample handling and it even
makes possible to integrate sample preparation and delivery within a single
analytical mechanisms8. These enhanced analytical capabilities rely on singular
optical properties of fluids such as refractive index (RI), fluorescence, Raman
scattering, absorption or polarization that exploited individually or in
combination, can be used to generate the sensing signal.
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Chapter 1 Optofluidics

1.3.1. Optofluidic Refractive Index (RI) sensors.

One of the most popular liquid analysis methods used in optofluidic sensors
consists of measuring the RI of a liquid sample. The label-free character of this
method is the main advantage with respect to fluorescence labelling.
Optofluidic RI sensors measure the changes in refractive index of a bulk
solution due to the presence of dissolved analytes with a different RI (or excess
polarizability) from that of the background solvent. RI detection is particularly
attractive for the analysis of extremely small volumes because this is an
intensive magnitude which scales up with the analyte concentration, rather
than with the total number of molecules. To enable the detection of an ultralow
quantity of molecules, many optofluidic RI photonic sensors confine the
electric field into a small volume (femtolitres to nanolitres). Looking for
maximizing the light-analyte interaction under these conditions, various
optofluidic  architectures, including metallic nanohole-array-based
plasmonics89-94 (Fig. 1.5 a)), photonic crystals and photonic crystal fibers?5-105
(Fig. 1.5 b), c)), interferometric structures such as ring resonators10-111 (Fig,
1.5 d), e)), Mach-Zehnder interferometers!12113 and Fabry-Pérot cavities114-117
(Fig. 1.5 f)) have been explored.

Figure 1.5. Examples of photonic structures used for RI analysis of liquids. a) Metallic
nanohole-array-based plasmonic sensor®l. b) Dielectric planar photonic crystal
sensor?8, c) PCF-based sensor!0l, d) Capillary-based OFRR sensor. e) ARROW-based
OFRR1!11, f) Fabry-Pérot interferometric sensor for cell detection!!3. g) Flow-through
and flow-over plasmonic sensors, together with each system's sensing response?. h)
Fabry-Pérot sensor with flow-through micro- and nanofluidic channels14.

Optofluidic RI sensors based on plasmonic, photonic crystals or photonic
crystals fibres are primarily composed of periodic metallic or dielectric
structures that are used to confine and guide the light (Fig. 1.5 a)-c)).

Inherently, the voids in these structures are excellent microfluidic channels

26



Optofluidics [egETo g

that can be filled with liquid samples for liquid sensing. Although ultra-small
volumes could be detected, in practice, higher volumes are needed because of
the rudimentary nature of the sample delivery systems, which are often unable
to selectively deliver the analyte at the locations of the photonic structure
where the light-matter interaction is stronger.

Other reported optofluidic techniques integrate a photonic device with a
microfluidic channel for simple and repeatable sample delivery. The
optofluidic ring resonator (OFRR)10¢-111 (Fig. 1.5 d),e)) and the Fabry-Pérot
cavity sensor!1s-117 are examples of such optofluidic configuration. In some
cases, the microfluidic channel forms part of the photonic structure to avoid
the problem of transporting a large number of target molecules to the sensor
surface. Very recently, researchers replaced this ‘flow-over’ technique, where
the fluid infiltrates the porous structure by diffusion, by an optofluidic ‘flow-
through’ strategy to mitigate the slow mass-transport issues constraining the
use of most optical sensors. This optofluidic technique integrates nanofluidic
channels through the optical sensing structure such that the entire sample
interacts directly with the sensing surface. Mass transport to the sensing
surface is almost entirely convective (instead of diffusive), which provides a
stronger signal in significantly shorter time than in the conventional flow-over
sensor. An example of this kind of devices based on arrays of nanoholes
consists of plasmonic nanofluidic sensors and photonic crystal nanofluidic
sensors fabricated by photolithography as exhibits Figure 1.5 g)8993-95. The
wafer substrate is back-etched for the liquid to pass through a thin (~100 nm)
holey metal or dielectric membrane. An outstanding development in this
domain was due to Guo et al. who developed an alternative flow-through
system, (c.f, Fig. 1.5 h)!14, The functioning of this optonanofluidic sensor
concept is similar to that of the nanoporous sensors!18119 except in that it uses
well-defined flow-through holes fabricated using the fibre drawing method.

1.3.2. Optofluidic planar RI structures prepared by OAD of thin films.

OAD is a suitable technique for the preparation of highly uniform and
reflecting planar Bragg mirrors as evidenced by notorious examples of
conducting20 and photoconducting!?! Bragg stacks made of a single type of
oxide (e.g., TiO2 or ITO, respectively) deposited by this method. In these
stacked layers, a periodic refractive index variation was achieved by
modulating the porosity of the films along the stacking direction. These
systems present a potential interest as sensing materials, since they combine
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an accessible porosity with well-defined optical properties that are
predictively modulated when exposed to different relative humidity
environments!?2, Lola Garcia et al. presented by the first time the fabrication a
of a Bragg mirror by OAD combining two different materials (SiO; and TiO3)
that kept the connectivity of the intercolumnar pores through the alternated
layers of the structure 3¢ (Figure 1.6). To enhance the uniformity of the Bragg
mirror, they used an azimuthal rotation of the substrate from one layer to the
next leading to a zigzag shape of the nanocolumns, (Figure 1.6 a) and b)). In
this preliminary work with liquids, the accessibility and good connectivity of
the porous network of the multilayer made than when they are filled with
liquids of different refractive indices the spectral position of the Bragg
reflection linearly red-shifts, as can be observed in Figure 1.6 c) and d). The
potential use of similar OAD thin films and stacks as sensors, as well as a
deeper study of their optofluidics properties and of their applications for liquid
analysis will be the subject of this thesis work.

:

d)

Figure 1.6. Cross sectional SEM micrographs of TiO,-SiO, multilayers prepared by
OAD ata) a =60° and b) a =85°. Normal incidence specular reflectance spectra of these
multilayers: ¢) a = 60° and d) a = 85°. Each curve corresponds to a different fluid filling
the voids, namely, air (dark grey solid line), water (black solid line), isopropanol (black
dashed line), toluene (light grey solid line), Cl-benzene (light grey dashed line). e) A
plot of the spectral position at which the maximum Bragg reflection is observed versus
the refractive index of the infiltrated liquid.
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1.4. Objectives

This thesis aims at exploring the possibilities of the PVD-OAD technique to
fabricate thin films used for Optofluidics applications and, particularly, for the
development of liquid transductors utilized for optofluidics sensors intended
for liquid analysis. This general objective has been developed in the different
chapters of this thesis addressing more specific issues as described below:

e Proving that the optical properties of porous OAD microcavities can
be accurately controlled without incurring in light dispersion effects
very common when dealing with other type of porous materials.

e To integrate OAD porous structures in the form of planar microfluidic
components through which liquids can circulate easily.

e To use planar Bragg microcavities (BMs), made by stacking several
porous TiO; and SiO; OAD thin films, as efficient optofluidic
responsive systems for measuring the solute concentrations of liquid
solutions or for the analysis of liquid mixtures.

e Using a conventional optical model, simulate the optical response of
these PVD-OAD BMs when they are either infiltrated with liquids or
tilted during photonic interrogation.

e To fabricate polarization active systems behaving as wavelength
dependent retarders in the form of two-oxide BMs prepared by PVD-
OAD.

e Determination of the nanostructural features responsible for the
polarization activity of these porous BMs.

e Proceed to a systematic and continuous control of the polarization
activity in BMs prepared by PVD-OAD by adjusting the refractive
index of the liquids circulating through these porous layer structures.

e Using a simple optical model to account for the degree of
birefringence of each particular layer in the stack and its variation
with the refractive index of the liquid filling the pores, explain the
optofluidic effects observed upon liquid infiltration.

e To carry out a thorough and critical study of the different analytical
possibilities of the synthesized PVD-OAD BMs, are they optically
active or inactive.

e Explore new photonic effects encountered when coloured solutions
characterized by a high absorption coefficient are infiltrated in the
BM.
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e Monitoring the anomalous refractive index dispersion effects
resulting from particular localization effects of the light electrical field
in PVD-OAD BMs.

1.5. Structure of the thesis.

The structure of the present thesis consists of an introductory chapter that
exposes the basis and the state of art of the topic, and four chapters that
constitute the body of original thesis work. A final chapter gathers the main
conclusions of the thesis. A summary in Spanish completes the present thesis
report.

The Introduction of this thesis presents the principles of the oblique angle
deposition of thin films (i.e. the PVD-OAD procedure), covering key issues such
as nucleation, column formation or ballistic shadowing, also explaining some of
the methodologies that can be used to tailor the columnar microstructure of
the films. Relevant features such as porosity and optical properties are
discussed within the frame of effective medium theories and optical
birefringence principles, respectively. The second part of the Introduction
outlines some basic principles of the emerging field of Optofluidics and its
applications, emphasising its possibilities for the development of Refractive
Index (RI) sensors in combination with photonic structures, which is the main
topic of this thesis. The chapter concludes explaining how the porous thin films
prepared by PVD-OAD might act as optofluidic planar RI sensors, following a
research line of our research group based on the use of Bragg reflectors for
different advanced applications.

The second chapter presents the fabrication of porous Bragg Microcavities
(BM) by PVD-OAD and their subsequent implementation in a microfluidic
device. This simple photonic structure presents an optical defect which gives
rise to a remarkable resonant peak in its optical spectrum, making it easy to
monitor changes in its optical response. In addition, this porous microfluidic
device permits the infiltration and the pass of liquids through it. The
dependence of the resonant peak on the refractive index of the infiltrating
liquids sustains the use of this device as an optofluidic sensor. In this chapter
we study this optofluidic behavior and determine a series of calibration curves
determined upon infiltration of the structure with liquid solutions of different
analytes and concentrations.
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Once the basic principles that control the optofluidic behavior of porous BMs
have been stablished, the third chapter examines the possibilities offered by
these photonic structure when they are fabricated with different
microstructures, some of them providing polarization activity to the device.
Through a thorough analysis we have been able to unravel the correlations
between the optical properties and the structural features of the BMs and
found that the lateral association of nanocolumns, nominated in this thesis as
fence-bundling association, is responsible for this optical activity. The chapter
is completed with a description of the optofluidic behavior of the polarization
active BMs and the possibilities that the controlled modulation of this optical
activity offers for liquid analysis.

The fourth chapter is a direct application of the optofluidic properties of
structured BMs presented in the previous chapters. Herein, we show that our
BMs implemented in microfluidic devices can be used as liquid sensors and the
three different measurement methods they sustain. Two of these methods are
based on the different response of the optical spectra of the device when
infiltrated with liquids of different refraction indices and consist of
determining shifts in the wavelength of the resonant peak and changes in
transmission at a selected wavelength. The other method is based on the
modulation of the optical activity and measures the ratio between two beams
of light selected by means of a polarizer. The latter method presents the
advantage over the formers that it avoids the use of a spectrometer and can
rely on just the use of photodiodes.

The fifth chapter deals with BMs with a large optical defect and two resonant
peaks that could be used as inner reference for the analysis of coloured liquids.
The idea is to monitor liquids with a very intense absorption localized in a
determined region of the optical spectrum. The relationship between
absorption and refractive index gives rise to variations in the latter that can be
measured by monitoring the relative position of the resonant peaks. In the
curse of this investigation, besides this expected result, we have found that dye
molecules may present an unexpected giant absorption due to the photonic
properties of the BMs and the localization of the light electric field both in
space and in wavelength around the resonant peak position.

The sixth chapter gathers and summarizes the conclusions of the present
thesis, while the seventh chapter is a Spanish summary required by the norms
of the University of Seville.

A logical scheme of this thesis is as follows:
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Optofluidic thin-film sensors prepared by Oblique Angle Deposition

Why?

Because of the
design of new liquid
analysis method

How?

By means of Bragg Microcavities
by PVD-OAD

What?

-Liquids Analysis with Optofluidic
Bragg Microcavities
-Optofluidic Modulation of Self-associated
Nanostructural Units Forming Planar Bragg Microcavities

-Optofluidic analysis with polarization active Bragg
Microcavities prepared by Oblique Angle Deposition

-Dye solution analysis by Anomalous Giant
Absorption in Planar Bragg Microcavities
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2. 1. Introduction

Responsive systems are devices or materials capable of responding
automatically in a predictable and reversible way to an external physical or
chemical stimulus from the environment.! For chemical analysis, such systems
may substitute complex analytical instruments and provide simple and reliable
procedures for the detection or even the determination of the concentration of
a given analyte in a mixture with other components.2-¢ The physical
parameters that can be modified by interaction with the environment can be of
different nature and affect the optical, electrical or even magnetic properties of
the material or device. A simple example based on changes in optical
parameters refers to the variations produced in the refractive index of porous
thin films or multilayer structures when they are exposed to vapours of water
or other condensable compounds.5 Similar changes in the optical response are
the basis of the emerging field of Optofluidics,® where changes in the optical
properties of many devices (e.g, wave guides, stacked multilayer or other
photonic structures) are reversibly controlled by the incorporation of liquids.
Optical lattices with controlled and accessible porosity has been utilized for
chemical responsive applications with systems made by the stacking of metal
oxide nanoparticles,”8 mesostructured thin films,%1° clays,!! macroporous
alumina'? or porous silicon layers.51314 In this line, our research group have
recently shown that multilayer structures prepared by physical vapour
deposition in the form of one-dimensional photonic crystals (1DPC) may
experience a large change in the position of their wide transmission gap when
they are infiltrated with liquids.15 A similar effect has been recently proposed
for the identification of solvents by using 1DPC formed by the stacking of
polymer layers and titania nanoparticles.1¢ A 1DPC, also known as Bragg stack
or Bragg reflecting mirror, is a simple photonic structure made by the stacking
of successive and alternating layers of two transparent materials with different
refractive index.

Due to optical interference processes, these photonic structures produce a
reflection of light that extends over a certain range (Bragg gap) of wavelengths
producing the impression of a coloured mirror. The position and width of the
reflecting gap can be tuned by controlling the number of stacking layers, their
thickness and the difference in the refractive index of the two materials.

Planar Bragg microcavities, a modification of 1DPCs, integrate in the centre of
a Bragg reflector a layer with a different thickness. The incorporation of this
layer, considered as an optical defect, gives rise to the appearance of a
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resonance narrow peak in the Bragg gap. Planar Bragg microcavities made of
porous silicon prepared by electrochemical methods have been proposed for
sensing vapours>1314 or for the development of advanced biosensing tests.17-19
The integration of a non-planar Bragg microcavity fabricated by electron-beam
lithography and reactive ion etching techniques into a microfluidic device for
optofluidic applications has been reported recently.20

In the present chapter we report the fabrication of planar Bragg microcavities
by stacking successive layers of two transparent and porous oxides prepared
by e-beam evaporation in an oblique angle configuration (OAD).15 This
geometrical configuration renders films formed by tilted nanocolumns with a
considerable amount of void space in the form of meso- and micro-pores (i.e.,
pores larger or smaller than 2nm according to the IUPAC,21). A full account of
the pores and other characteristics of this type of thin films can be found in
recent publications.22-2¢ OAD thin films have been also deposited to modify the
channel walls of microfluidic devices to facilitate the circulation of liquids?5 or
to provide high surface area substrates to increase the anchoring capacity of
active molecules used for molecular recognition.26 However, no essays have
been reported about the direct use of OAD thin film structures as microfluidic
components, a fact that is likely related to the difficulty of accurately
controlling the porosity and optical properties of both the individual OAD thin
films and the collective response of the final microcavities. A first objective of
the present work is to prove that the optical properties of porous OAD
microcavities can be accurately controlled without incurring in light dispersion
effects very common when dealing with other type of porous materials.
Subsequently, we show that these porous structures can be integrated in the
form of planar microfluidic components through which liquids can circulate
easily. Using this configuration we show that planar Bragg microcavities, made
by stacking several porous TiO2and SiO; OAD thin films, can be used as efficient
optofluidic responsive systems for measuring the solute concentrations of
liquid solutions or for the analysis of liquid mixtures. Case examples of the
response of these devices and the modelling of their optical response by using
a conventional interference optical model2” complete the present chapter.
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2. 2. Experimental and Methods

Uniform, mechanically stable and highly porous Bragg microcavity structures
made of alternated layers of TiO; and SiO, with a thicker SiO, central layer
have been prepared by OAD. Porous layers were successively e-beam
evaporated on glass plates of 1.2 x 2.5 cm? at glancing zenithal angles of 70°
and 80° (a). SiO; and TiO, were used as target materials while an oxygen
pressure of approximately 104 torr was kept in the chamber during the
evaporation to ensure the complete oxidation of the evaporated oxides (i.e. to
get TiO; and SiO; stoichiometries) and hence their full transparency (TiOx or
SiOx with x<2 are coloured). The OAD geometry produces films with a
characteristic tilted columnar morphology which is controlled by shadowing
effects.22 The results reported here refer to structures consisting of 2x7
individual layers of approximately 85 nm thickness, plus one SiO; middle layer
of approximately 180 nm thickness. The thickness of each individual layer was
controlled by means of a quartz crystal monitor calibrated with the actual
thickness of layers determined by cross section SEM.

Preparations were carried out by azimuthally turning the substrate 90° when
changing the evaporation from one oxide to the other. Turning azimuthally the
substrate between two layers is required to avoid the dispersion of light, an
effect that has been previously addressed in a work on porous 1DPC used to
prepare dye sensitized solar cells.28

The stacked layers deposited on a glass plate were sandwiched with another
glass plate provided with two holes where liquid tubes acting as inlet/outlet
channels of the fluids were fixed. The perimeter of the ensemble was sealed
with a polymer, polydimethylsiloxane (PDMS), to ensure the tightness of the
system. A scheme of the system is presented in Figure 2.1, together with a
view of a real device fabricated in the course of this work. In this device, the
space between the two glass plates is completely filled with the microcavity
structure and the fluids flow by passing through the pores of the films by just
applying a small pressure difference between the inlet and outlet tubes. It
could be also realized that liquids with low viscosity and surface tension can
pass spontaneously driven by capillarity forces. This configuration ensures that
pores are completely filled with the liquid and that an easy and immediate
replacement of one liquid by another is possible by just changing an external
reservoir connected to the device. Another important clue, proved by
simulating?’ the optical response of the system, was that no empty space is left
between the stacked microcavity and the glass cover plate.
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Figure 2.1. (left) Cross section scheme and (right) image of a microfluidic device based
on a Bragg microcavity prepared by OAD. Note that the different parts in the scheme
are not plotted at the same scale.

Cross section SEM micrographs were obtained in a Hitachi S4800 field
emission microscope for samples deposited on a silicon wafer that were
cleaved for cross section analysis.

UV-vis transmission spectra were recorded in normal and off-normal
configurations with a Cary 100 instrument. For recording at off-normal angles,
the microfluidic device was turned with respect to the light beam by using a
goniometer provided with a holding piece.

Simulation of the optical response of the Bragg microcavity was done by
optimized fitting of the transmittance spectra using a home-made code based
on the transfer-matrix approach. Typical Cauchy dispersion was considered for
the refractive index. The refractive index and the thicknesses of the SiO; and
TiO; layers in the two 7-layers Bragg reflectors and the SiO; defect layer were
obtained through the fitting procedure.

2. 3. Results and Discussion

2. 3. 1. Microstructure and optical properties of Bragg microcavities
prepared by OAD

Figure 2.2 shows cross section SEM micrographs of a OAD porous Bragg
microcavity integrated by two Bragg reflectors made of 7 stacked layers of SiO»
and TiO; sandwiching a thicker SiO; layer as indicated by the diagram of the
figure. The thickness of the SiO, and TiO; stacked layers was about 85 nm,
while that of the SiO; defect was around 180 nm. An accurate control of the
optical properties of the microcavity was possible by changing these thickness
dimensions. The whole structure was prepared by OAD at a fixed zenithal
angles of a=70% and a=80° by turning the substrate 90° from one layer to the
next. This azimuthal rotation was essential to decrease the dispersion of light
at low wavelengths, a common phenomenon found for relatively thick OAD
oxide films.
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It is worth stressing that compared with conventional silicon porous Bragg
microcavities prepared by controlled electrochemical oxidation followed by
annealing at high temperature,513.1417-19 the OAD methodology is advantageous
because it is compatible with any sensitive substrate (e.g. polymers) and does
not require any oxidation step at high temperatures to make the stacked layers
transparent. Moreover, the large contrast between the refractive index of the
individual SiO; and TiO; layers of the OAD microcavities (SiO; and TiO, OAD
layers have refractive indices of 1.22/1.20 and 1.70/1.55 when prepared at 70°
and 80°, respectively?223) and their high pore volume (i.e., approximately 49%
and 60% for these two evaporation angles?223) make these optical devices
suitable for a wide range of optofluidic applications.
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Figure 2.2. (Top) cross section SEM micrograph (bright and dark fields) of a cleaved
microcavity prepared by evaporation at 70° and 80° of zenithal angle. The scheme
shows the stacking order of the individual layers forming the microcavity. (Bottom)
UV-vis transmission spectra of microcavities prepared at 70° (left) and 80° (right)
zenithal angles. Simulated spectra are plotted for comparison.
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The optical behaviour of the microcavity structure was checked by UV-vis
transmission spectroscopy. Figure 2.2 (bottom) shows the measured and
simulated transmission spectra obtained for microcavities prepared at 70° and
80° of zenithal angle of evaporation. These spectra depict the typical behaviour
of planar optical microcavities which, for the 70° case, consists of a wide
reflecting region extending from approximately 500 to 700 nm, and a narrow
and sharp resonant peak located at 579 nm and a width at half height of 18.5
nm (i.e. a Q factor, defined as the ratio of the resonance cavity frequency to the
line width of the cavity mode, of 31). For the 80° microcavity, these spectral
parameters are 486, and 23.7 nm (Q factor 20), respectively. In this latter case
the position and other spectral features of the transmission spectra are well
reproduced for A>450 nm, but deviations are observed below this wavelength
value. We attribute the decrease in the transmitted light in this spectral region,
enhanced at high zenithal angles, to light dispersion effects at the void and
oxide material nanostructures formed in these films.528

For the individual layers, Table 2.1 summarizes the thickness values
determined experimentally by SEM and those estimated by the simulation of
the spectral features. The refractive index values of SiO; and TiO; required to
get a good fitting are also included in this table. Within a variation of 10%, limit
of accuracy estimated for the simulations, the calculated refractive indices are
similar to the experimental values of n previously determined for OAD thin
films of these materials.2223 In comparison with the n values of compact films
of these two oxides (i.e., around 1.45 and 2.40 for SiO; and TiO, respectively2?),
the low value of this parameter obtained for the OAD thin films confirms their
high porosity and, hence, the possibility of modifying n if the pores are filled
with liquids. The porosity values of the individual layers of the Bragg
microcavity determined by simulation are reported in Table 1.
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Table 2.1. Characteristic layer parameters of Bragg microcavities prepared at
a=70° and 80°.

Zenithal Thickness Thickness n n with Porosity
angle/layer (exp) (nm) (sim) (nm) (sim) water (sim) (%) (sim)

70° TiO; 94 88 1.69 1.83 49
70° Si0; 88 81 1.23 1.39 49
70° Si0; defect 224 178 1.21 1.39 52
80°TiO; 82 88 1.55 1.72 60
80° Si0; 80 86 1.20 1.38 55
80° Si0; defect 168 180 1.20 1.38 55

Thickness and refractive index values are derived from the SEM measurements (exp)
and by simulation of the transmission spectra (sim). Data are provided for the “as
prepared” microcavities and for the microcavities integrated in a microfluidic device
with water circulating through them.

2. 3. 2. Optofluidic response of microcavities

To check whether the optical response of the OAD microcavities changes
when their pores are filled with a fluid, we flowed a series of liquids of different
refractive indices through a microfluidic device integrating the Bragg porous
structure. Figure 2.3 shows the experimental and simulated UV-vis
transmission spectra obtained for an empty 70° microcavity and after
circulating through it liquids of different refractive indices (i.e., water
(n=1.330), ethanol (n=1.361), toluene (n=1.496) and chlorobenzene
(n=1.525)). An observed effect is a shift to longer wavelengths of both the
transmission gap and of the resonant peak. The magnitude of the shifts
depends on the refractive index of the liquid and can be simulated by varying
the effective refractive indices of each individual layer attached in the
microcavity. The values obtained for the case of water are gathered in Table
2.1, while the values deduced for the other liquids are reported in the Table
2.2. The calculated refractive indices are higher than those of the empty
(actually air-filled) layers as expected for a medium consisting of a liquid filling
the pores and voids of the individual films microstructure.
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Figure 2.3. Experimental (full lines) and simulated (dashed lines) UV-vis transmission
spectra of a microcavity device prepared at 70° before (black line) and after (gray
lines) circulating different liquids through it: a), water; b), ethanol; c), toluene; d)
chlorobenzene. The vertical lines indicate the position of the resonant peak in the
microcavity without any liquid (i.e., with the pores filled with air).

Table 2.2. Simulated layer refractive indices of Bragg microcavities prepared

at «=70° and 80°.

Zenithal n (sim)with n(sim)with n(sim)with n (sim)with
angle/layer water ethanol toluene cl-benzene
70° TiO; 1.83 1.84 191 1.92
70° Si0, 1.39 1.41 1.47 1.49
70° Si0; defect 1.39 1.40 1.47 1.49
80° TiO, 1.72 1.74 1.82 1.83
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80° Si0; 1.38 1.40 1.47 1.49

80° Si0; defect 1.38 1.40 1.47 1.49

Refractive index values of the individual layers estimated by simulation of the spectra
obtained when 70° and 80° microcavities were infiltrated with liquids of different
refractive indices.

Figure 2.4 displays a similar behaviour for the microcavities prepared at
80° with the additional effect that the transmission at low wavelengths
recovered the level predicted by the theoretical simulation. This effect is
attributed to the removal of light scattering effects by the liquids infiltrated
through the otherwise empty micro- and meso-pores.
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Figure 2.4. Experimental (full lines) and simulated (dashed lines) UV-vis transmission
spectra of a microcavity device prepared at 802 before (black line) and after (grey
lines) being circulated with different liquids. The vertical lines indicate the position of
the resonant peak in the microcavity without any liquid (i.e., with the pores filled with
air).
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The overall optical changes induced by circulating liquids through the
microcavity devices were so apparent that they could be observed with the
bare eyes (c.f. Figure 2.5 (left)), thus opening the possibility of using them as
visual tags.
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Figure 2.5. (left) Images of 70° and 80° microfluidic devices empty (top) and filled
with toluene (bottom). (right) Plot of the position of the resonant peak in the UV-vis
spectra of the 70° and 80° microcavity devices as a function of the refractive index of
the infiltrated liquid.

From an analytical point of view it is quite significant that the shift in the
position of the resonant peak observed in Figures 2.3 and 2.4 can be directly
related to the refractive index of the infiltrated liquid as reported in Figure 2.5
(right). This plot shows that the position of the maximum of the resonant peak
varies almost linearly with the refractive index of the infiltrated liquid and
supports that this kind of microfluidic device can be used to identify liquids of
different refractive indices. A similar approach has been used to detect vapors
of organic solvents by means of Bragg microcavities made of porous silicon
layers of different porosities.51516

A well-known behavior of compact Bragg microcavities is an angular
dispersion in the position of the resonance peak when varying the incident
angle of light.27 As reported in Figure 2.6, porous microcavities behave in the
same way either empty or filled with a liquid. This figure clearly shows that the
resonant peak position shifts to shorter wavelengths when tilting the device
with respect to the direction of light. Within the angular variation monitored in
this experiment, the resonance peak of the 70° microcavity kept a similar
height and width irrespective of the incident angle of light.
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Figure 2.6. UV-vis transmission spectra for the indicated incident angles of light for
empty (left) and water infiltrated (right) 70° (top) and 80° (bottom) microcavity
structures.

Similar angular variations were found for the porous microcavities filled with
liquids (c.f,, Figure 2.6 (right)), although the magnitude of the shift depended
on the refractive index of the liquid. For example, turning by 40° the 70°
microcavity, resulted in a shift of 53 nm for the empty device and 48 and 54nm
for the system filled with water or chlorobenzene, respectively. Similar effects
could be appreciated for the microcavities prepared at 80°.

2. 3. 3. Optofluidic analysis of liquid solutions by means of OAD
microcavities

The previous sections have dealt with the change in the optical response of
porous microcavities when they are infiltrated with pure liquids. Due to the
large difference in the refractive index of the porous TiO; and SiO; constituent
layers, the microcavity device structures were very sensitive to small
differences in the refractive index of the infiltrated liquids. Taking advantage of
this enhanced sensitivity we propose to use these microcavities to determine
the concentration of liquid solutions or the proportion of two liquids in a
mixture. Some proofs of concept will be reported here to ascertain the
feasibility of this analytical approach.
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Figure 2.7 shows a series of UV-vis spectra in the region of the resonance
peak for a 70° microcavity circulated with NaCl and glucose solutions with
concentrations ranging from 0.5 to 4 mol/L and 0.5 to 3 mol/L, respectively.
The spectra show that the peak position steadily varies with the solution
concentration, a dependence that must be attributed to the different refractive
index of the solutions.30 Moreover, a representation of the peak position versus
the solution concentrations yields in the two cases a practically linear
dependence. These lines can be taken as calibration curves of glucose and NaCl
concentrations for this particular device.
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Figure 2.7. (Left) UV-vis transmission spectra for a 70° microcavity infiltrated with
water and a serie NaCl (a) and glucose (c) solutions of the indicated concentrations.
(Right) Plots of the shift in the position of the resonance peak as a function of NaCl (b)
and glucose (d) concentrations. Note the different scales used for each plot.
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Monitoring the peak position requires a wavelength sensitive detector. Since
intensity detectors are simpler, cheaper and easier to operate, we explored an
alternative way of measuring the solute concentration by looking to the
angular variation of the peak position (cf. Figures 2.7 and 2.10) as a function
of the solute concentration. The principle of the measuring procedure is
reported in Figure 2.8, illustrated for the case of 70° Bragg microcavity, empty
and filled with water. For a 0° incident angle of light, the resonance peak shifts
to longer wavelengths when the device is infiltrated with water. This shift can
be counterbalanced by turning the microfluidic device by an angle of 49° with
respect to the light beam direction. For practical purposes, measurements of
solution concentrations would be possible by using a single wavelength source
(e.g. a LED) tuned to the resonance maximum of the microcavity, either empty
or filled with water, an intensity detector and a goniometer to measure the
angular shift required to recover the maximum intensity of the transmitted
light.
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Figure 2.8. (Top) Scheme showing the variation of the position of the resonant peak
when a microcavity is filled with water and the recovery of the initial wavelength
position when the device is turned by a given angle. (Bottom) Correlation between the
tilted angles of the microcavity and the concentration of the NaCl and glucose solutions
according to the procedure described in the scheme.

For the investigated NaCl and glucose solutions, Figure 2.8 shows the
angular variations obtained as a function of the solution concentrations.
Although the dependence is not linear, the depicted profiles follow well-
defined calibration curves that can be used to determine the concentration of
unknown solutions of these two substances.
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Mixtures of liquids with different refractive indices can be also monitored by
using OAD microcavity devices, provided that they present sufficiently large
differences of refractive indices. Figure 2.9 shows the results obtained for
mixtures of glycerol (n=1.473) and water (n =1.330). The spectra and the plot
in this figure are referred to the volume percentage of glycerol. It is apparent in
this figure that the resonant peak shifts with the percentage of glycerol and
that this shift follows well defined dependences, both when representing the
wavelength of the maximum of the resonant peak or the angle turned to
recover its maximum intensity. These results clearly prove that a microfluidic
device consisting of a porous microcavity prepared by OAD can be used to
determine the proportion of two liquids in a mixture, provided that their
refractive indices differ sufficiently.
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Figure 2.9. (left) UV-vis transmission spectra for a 70° microcavity infiltrated with
mixtures of glycerol and water with different proportions of the two liquids. (Right)
Plot of the shift in the position of the resonance peak and angle turned to restore its
maximum intensity as a function of percentage of glycerol in the mixture.

Besides these simple applications, we anticipate that this type of devices will
be useful for the continuous monitoring of liquids in microfluidic3! or other
analytical applications involving minutes amounts of liquids (the pore volume
of a microcavity device can be estimated in ~7.5x10-3 mm3) or as cheap
disposable systems for food control. As practical cases of this latter application
field, Figure 2.10 of the supporting information reports two examples showing
how the developed microcavities can identify common beverages (different
types of colas, isotonic drinks, etc.) or vegetable oils (e.g., olive or sunflower
oils). Even if the viscosity of oils is rather high, its management through the
microcavity structures is quite straightforward, what opens the way to the
practical implementation of these devices for the analysis of a large variety of
liquids.
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2. 4. Conclusions

In this work we have shown the electron-beam fabrication of OAD planar
porous microcavities consisting of successive layers of two oxides (SiO2 and
TiO;) of different refractive indices. A strategy consisting of azimuthally
turning the substrate from one layer to the next has been developed to
minimize the light scattering effects usually observed for thick porous layers
made by OAD or other techniques. These microcavities have resulted very
useful to determine the refractive index of liquids and solutions. The high
transparency of the individual constituent layers and their high porosity have
enabled their integration in the form of a microfluidic device where liquids fill
and circulate through the void space of these structures. The simulation
analysis of the changes observed in the transmission spectra of the
microcavities after infiltration has proved that the position of the resonance
peak depends on the refractive index of the liquid. This feature has been used
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systematically to determine the characteristics of the liquids by both
measuring the position of the maximum or by turning the photonic structure
by a certain angle to restore the maximum intensity of the resonance peak at
its initial wavelength. These two methods of detection have been successfully
applied to determine the concentration of different solutions and mixtures of
liquids.

The low volume of liquid required to induce these changes makes easy the
implementation of the developed technology into complex microfluidic
systems where it could provide a simple and reliable method of analysis. In
addition, it could be also employed to develop switchable optofluidic
components for switchable photonic applications.
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3.1. Introduction

The last innovations in the field of optofluidics have led to the development of
highly versatile optical systems with a wide range of applications both at the
micro and macroscales and a high impact in fields such as energy,! photonics,?
microfluidics3 or sensors and biosensors.* Outstanding examples relying on the
light control by means of liquids flowing through devices include adaptive and
tuneable microlenses,56 optofluidic dye laser’” or advanced optofluidic
microscopes.® Light polarization by liquids containing chiral molecules or by
anisotropic solids is a classical optical principle widely used in advanced
technologies for chemical analysis, communications, displays and photonics
that, except for very recent works using complex polymer particles,® has not
been addressed within optofluidic schemes aiming at merging optics and
microfluidics in a device.3 In the present work we report that light polarization
can be effectively controlled by liquid circulation through a new type of
polarization active planar Bragg microcavities (BM) devices prepared by
physical vapour oblique angle deposition (PV-OAD). This liquid-mediated
control of the activity of planar BMs constitutes a first case of polarizer thin
films optofluidics with high impact prospects for the fabrication of polarization
active systems, wavelength retarders, photonic sensors or liquid monitoring
devices.

Thin films fabrication by PV-OAD, also known as Glancing Angle Deposition
(GLAD),1011 is a straightforward procedure to tailor film porosities while
achieving a strict control over optical properties such as refractive index!213 or
optical anisotropy and birefringence.!#!5 In the called “sculptured thin
films”,1617 a class of nanostructured OAD materials, their singular topography,
geometry and in-depth architecture permits an effective control of their
refractive index and birefringence and the development of optically active
photonic structures!8-23 or helicoidally bi-anisotropic media acting for example
as narrow band pass optical filters,2¢ selective circularly polarised light
transmitters25 or selective linearly polarised transmitters.2¢6 On the other hand,
although polarization inactive Si0,-TiO, one dimensional photonic crystals
(1DPC)?7.28 and Bragg microcavities (BM)2° have been also prepared by PVD-
0AD, no polarization activity is known for such two-oxide layered systems.

Herein, we demonstrate for the first time that two-oxide BMs prepared by
PVD-OAD can be manufactured as polarization active systems behaving as
wavelength dependent retarders. We also show that this polarization activity
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can be systematically and continuously controlled adjusting the refractive
index of the liquids circulating through these porous layer structures. To
complete the study, other important parts of this research aim at unravelling
the nanostructural features responsible for the polarization activity of these
porous BM and at simulating their striking polarization behaviour. For this
purpose, we have developed a simple optical model where each particular
layer in the stack is taken as birefringent in a degree that varies with the
refractive index of the liquid filling the pores.

3.2. Experimental and Methods

3.2.1. Fabrication of BMs and optofluidic devices.

Uniform, mechanically stable, and highly porous BMs made of alternated
layers of TiO, and SiO; have been prepared by oblique angle deposition (OAD)
according to the procedure reported for single layer deposition.30 The
investigated porous BMs were e-beam evaporated on glass plates of 1.2 x 2.5
cm? at a zenithal angle of 70° (a). For electron microscopy characterization,
samples were simultaneously deposited on a silicon wafer. Other experimental
details can be found in the previous chapter. The BMs consisted of 2x7
individual layers with a thickness of approximately 85 nm, plus one SiO;
middle layer of approximately 200 nm thickness. As Figure 3.1 exhibits, four
different types of BMs have been prepared depicting slanted (i), zig-zag (ii),
chiral (iii) or vertical (iv) microstructures. These different morphologies were
obtained by keeping fix the substrate for the slanted BM or by azimuthally
turning the substrate from one layer to the next in the zig-zag (180°) and chiral
(90°) and continuously (40 rpm) in the vertical configuration.

For the optofluidic essays the BMs deposited on a glass plate were
sandwiched with another glass plate as explained in Chapter 2. This simple
microfluidic arrangement enabled handling the device as a plate substrate in
front of the light beam of a spectrometer and to record spectra while replacing
the circulating liquid by simple injection.

3.2.2. Characterization of BMs

Cross section and normal scanning electron microscopy (SEM) images were
obtained in a Hitachi S4800 field emission microscope for samples deposited
on a silicon wafer that were cleaved for cross-section analysis.

FIB-SEM analysis was performed using a FEI Helios Nanolab 660 tool. First,
SEM images were acquired normal to the surface at 2keV primary beam energy
using both Secondary Electrons (SE) for topographic and Back Scatter
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Electrons (BSE) for compositional information. Thereafter, an optional strip of
Pt was deposited using electron beam and ion beam induced deposition in
order to prevent ion damage to the surface. Subsequently 2 trenches were
milled at 30keV Ga* ion energy at 90° angle with one another and oriented
parallel and orthogonal to the preference direction seen in the SEM images
from the surface. After coarse milling, the side surfaces were polished using a
30keV, 80pA Ga+ ion beam. The cuts were then observed with the electron
beam under 52° incidence in the same modes (SE and BSE) as mentioned
before. In Figure 3.2 (b), c), d)) the BSE images show a periodic contrast that
we attribute to the different atomic numbers of the stacked TiO; (bright) and
SiO2 (dark) layers and other possible morphological effects.

UV-vis transmission spectra were recorded in normal incidence with a Cary
100 instrument. In order to analyse the optical activity with polarised light, a
linear polarizer was placed before the sample. A second polarizer crossed or
aligned with respect the first one was placed after the sample to assess the
retarder behaviour of the BMs and optofluidic devices upon azimuthal rotation.

3.2.3. Simulation of the optical response and polarization dependence

Simulation of the optical response of the optofluidic device was done using
WVASE32 software [J. A. Woollan Co.] applied to a Bragg microcavity
consisting of two Bragg reflectors separated by a “defect layer”. Each Bragg
reflector has 7 layers, with a HLHLHLH structure, where H denotes high index
material (i.e., TiOz) and L low index material (i.e., SiO2). The defect layer was an
L material. The optical model relies on the assumption of a birefringent
behaviour of the stacked SiO: or TiO; individual layers in the slanted, zig-zag
and, partially, chiral microstructures. For a properly description of the
microstructure we introduce in the next section the fence-bundling association
as a structural feature. The negative uniaxial anisotropic medium in each layer
of the slanted and zig-zag BMs has been characterized by a fast optical axis (low
refractive index, np) in the direction perpendicular to the fence-bundling
association and a slow axis (high refractive index, ny) in the fence-bundling
plane. For the chiral BM, each layer was taken as a positive uniaxial material,
with an optical axis normal to the layer, along the nanocolumn direction.

The model interpreted the birefringence An = n,, — n;, as resulting from the
difference in porosity along the bundling direction and the perpendicular to it
on the surface plane. The effect of porosity on the optical behaviour was
simulated according to Maxwell-Garnett effective medium approximation to
describe a composite material formed by a compact media (i.e., either compact
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TiO; or SiO;) mixed with voids filled with either air or liquids with different
refractive indices. For these calculations, it is assumed that both materials H
and L have the same percentage of pore volume and the refractive index of the
individual layers was described by a typical Cauchy wavelength dispersion.

3. 3. Results and Discussion

3.3.1. Morphology and bundling association

To determine the nanostructural factors responsible for the polarization
activity of the PV-OAD BMs, we have prepared and characterized four types of
Ti02-Si02 microcavities depicting different nanocolumn arrangements: i)
slanted, prepared at constant azimuthal orientation of the substrate during
deposition of successive layers; ii) zig-zag and iii) chiral obtained turning the
substrate, respectively, by 180° and 90° for each layer of the stack; iv) vertical,
deposited while continuously rotating the substrate around its azimuth.
Surprisingly, the two first BMs present a strong polarization activity when
interrogated with linearly polarised light, while the two latter are practically
insensitive to the polarization. Thanks to a thorough analysis by scanning
electron microscopy (SEM) and a field ion beam (FIB) set-up we have been able
to show that association of nanocolumns, a rather general phenomenon in OAD
films known with the term bundling3132, is the critical morphological feature
responsible for the singular behaviour of the slanted and zig-zag BMs.

Figure 3.1 displays a series of cross section and normal micrographs taken
for the Ti02/Si02 BMs deposited on a silicon wafer. The cross section images
and schemes in this figure show the characteristic nanocolumnar
microstructure of the slanted (i), zig-zag (ii), vertical (iii) and chiral (iv)
multilayer systems. The normal images of the slanted and zig-zag and, to a
minor extent, the chiral BMs also reveal a preferential arrangement of material
along the direction perpendicular to the vapour flux, an anisotropy which is
further supported by the 2-fold symmetry of their Fast Fourier transforms
(FFT) reported in the figure. Meanwhile, the highly symmetric FFT shape of the
vertical BMs clearly reflects an wuncorrelated distribution of column
terminations at the surface of this sample.
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Figure 3.1. i-iv) Cross section SE and BSE micrographs (left), and two scale normal SE
micrographs (right) of the slanted, zig-zag, vertical and chiral BMs. The inserted
diagrams in the normal micrographs show the FTs calculated from these images. The
red arrows indicate the vapour flux direction of arrival. The schemes at the right
represent the ideal geometric arrangement of the nanocolumns in the successive
stacked layers of the BM structures.

Bundling association of nanocolumns is believed to extend along the whole
thickness of single oxide OAD thin films31-34, a feature that we confirmed by
FIB-SEM analysis of the BMs. Figure 3.2 shows a series of cross section
micrographs along the m (perpendicular to the film surface in a direction
parallel to the bundling), A (perpendicular to the film surface in a direction
perpendicular to the bundling), and Q) planes (close to the perpendicular to the
nanocolumns direction) defined in the scheme of the slanted microstructure
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included in this figure. The layered distribution of brightness observed in the
Back Scatter Electron (BSE) micrographs reflects the different atomic numbers
of the SiO; and TiO; layers. In addition, the m-plane micrographs (i.e., panels a)
and b)) of the slanted BM show that nanocolumns associate along the whole
film thickness, i.e., association is not restricted to a single layer of the stack. We
will call this nanocolumn association extending from one material layer to the
next as fence-bundling, a specific microstructural feature that has not been
previously reported in the literature. In the A-plane image (i.e., panel c)), it is
also apparent that large mesopores extends through the whole material and
that no disruption of nanocolumns morphology occurs when passing from one
layer (e.g., TiO2) to the next (e.g, SiOz). Finally, the image taken along the Q-
plane (i.e., panel d)) confirms that both mesopores and nanocolumns arrange
linearly along the surface bundling direction. Similarly, images taken along the
m and A planes for the zig-zag microstructure (panels e) and f)) show the
development of equivalent fence-bundling association extending through the
whole BM. Lack of fence-bundling association in the vertical BM and only a
negligible association in the individual layers in the chiral BM (i.e., panels g)
and f) are clear differences with respect to the two other photonic structures.
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Figure 3.2. FIB-SEM cross section images of the BMs and scheme for a slanted
structure showing the cross section planes used for the analysis and the resulting
lateral surfaces in each case. a) to d) BSE images for the slanted BMs along the different
analysis planes: a) micrograph taken for a cross section along plane m; b) the same as A
in an enlarged scale; c) micrograph taken for a cross section along plane A; d)
micrograph taken for a cross section along plane Q. The enlarged image at the right of
micrographs a) is taken in SE mode to better visualize the lateral surface generated by
the ion erosion. e) and f) BSE cross section micrographs taken for the zig-zag
microstructure along planes m and A respectively. g) BSE cross section micrograph
taken for the vertical BM along plane A. h) Ditto for a chiral BM.
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3.3.2. Polarization activity of planar BMs

The fence-bundling arrangement of nanocolumns in the slanted and zig-zag
BMs has direct effects on the optical properties of these structures when
examined with linearly polarised light. Figure 3.3 shows a series of optical
transmittance spectra recorded around the resonant peak for the four studied
BMs using linearly polarised light oriented with its polarization plane parallel
(i.e. ®=0°) or perpendicular (i.e. ¢=90°) to the surface bundling direction.
Unlike the spectra of the vertical and chiral BMs which are almost unaffected
by the orientation of polarised light, the slanted and zig-zag BMs develop two
different resonant peaks for ¢ equal to 0° and 90°, a double peak structure for
other orientations and an almost equivalent intensity of the two peaks when
@=45°. The separation between the two resonant peaks is 18 nm (slanted) and
23 nm (zig-zag). The positions and Q factors of the resonant peaks summarized
in Table 3.1 are practically identical for the two polarizations in the vertical

BMs, but strongly differ for the titled and zig-zag structures and present slight
changes for the chiral BM.
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Figure 3.3. Transmission spectra recorded around the resonant peak for the indicated
BMs with linearly polarised light oriented at 0° 45° and 90° with respect to the
perpendicular to the arrival flux direction.
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Table 3.1. Resonant peaks positions and Q factors of the different Bragg
Microcavities.

®(®) Slanted Zig-zag Vertical Chiral
Position (nm) | 0 619.8 614.6 702.5 603.9

90 601.9 591.6 702.7 602.2
Q factor 0 319 319 19.9 30.5

90 26.5 28.4 19.7 26.8

The optical behaviour depicted in Figure 3.3 can be simulated with an optical
interference model where the SiO; or TiO; stacked layers of the BM are
birefringent. For the slanted, zig-zag and chiral structures, the negative uniaxial
anisotropy associated to each individual layer can be described by a fast optical
axis (low refractive index) along a surface direction perpendicular to the fence-
bundling (np) and a slow axis (high refractive index) along the fence-bundling
direction at the surface plane (ny). Figure 3.4 a) and b) demonstrate that this
simple model properly reproduces the transmittance spectra of the zig-zag
BMs upon continuous ¢ rotation. This angular dependence supports the use of
this BM to determine the orientation of the polarization plane of light. The
birefringence (i.e. An=np-ny) of the individual layers introduced in the model to
properly reproduce the optical behaviour of the zig-zag BM amounts to An=-
0.150 and -0.043 for TiO; and SiO; layers, respectively. From a structural point
of view, this optical anisotropy stands for a difference in void fraction of ~20%
between the more compact fence-bundling direction and the perpendicular to
it. A similar analysis for the slanted structure, Figure 3.4 c) and d), confirm
the validity of this optical model to simulate the polarization response of the
polarization active BMs.
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Figure 3.4. Polarization angle dependence. Experimental a) and simulated b) spectra
around the resonant peak of a zig-zag BM when recorded with linearly polarised light
at the indicated angles formed between the polarization plane and the bundling
direction (i.e., azimuthally rotating the sample by the indicated angles). c) & d) Ditto
for a slanted BM.

3.3.3. BM thin films as wave retarders

Zig-zag and slanted BMs behave as optical retarders or wave-plates3> and are
characterized by resolving a linearly polarised beam into two orthogonal
components separated by a wavelength dependent phase shift. Figure 3.5
shows a scheme of the polarization state of light (Figure 3.5 a)) and the
transmittance spectra recorded through the zig-zag BM placed between two
polarizers either in crossed (Figure 3.5 b)) or aligned (Figure 3.5 d))
configurations. The function of the first polarizer is to generate linearly
polarised light, while the transmitted spectra in the figure are recorded as a
function of the angles 1, 2 formed by the bundling direction of sample and
the first and second polarizer planes, respectively.
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Figure 3.5. Polarization angle dependence through a second polarizer. a) Scheme of
the two polarizers set up and light polarization behaviour with the polarization active
BM placed in-between and perpendicular to the direction of light. This particular
representation corresponds to the cross polarizer configuration. b, c) Evolution of
experimental b) and simulated c) spectra around the resonant peak of a zig-zag BM
when recorded through two cross polarizers by azimuthally rotating the BM as
indicated. Evolution of experimental d) and simulated e) spectra of the resonant peak
of a zig-zag BM when recorded through two parallel polarizers by azimuthally rotating
the BM as indicated.
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Figure 3.6 exhibits selected results of similar experiments conducted with
the a) slanted, b) vertical and c) chiral BMs showing that, as expected, only the
former presents similar retarder behaviour.

Figure 3.6. Experimental (left) and simulated (right) evolution of spectra for slanted
a), vertical b) and chiral c) BMs when recorded with two cross polarizers and the
indicated azimuthal orientation of the sample according to the scheme of Figure 3.5.
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It is apparent in Figure 3.5 that for the cross-polarizer configuration and the
BM bundling direction aligned along the polarization plane of light (i.e. ¢1=90°
and ¢»=0°) (Figure 3.5 b)), no light passes through the system. Meanwhile,
progressively more intense spectra are recorded when azimuthally rotating
the BM (i.e, 91<90° and ¢2=90°-¢1) up to reach a maximum intensity for
@1=¢2=45° an optical behaviour that could be successfully reproduced by
simulation (c.f. Figure 3.5c)). When the BM is placed between two aligned
polarizers at ¢1=¢2=0° (see Figure 3.5 d) and simulated spectra in Figure 3.5
e)), the transmittance spectrum results identical to that recorded in the
absence of the second polarizer (i.e., identical to that reported in Figure 3.4 for
@=0°). The transmittance spectra drastically change for other azimuthal
orientations of the sample with respect to the aligned polarizers (i.e., for
@1-¢2#0°), indicating that the BM modifies the polarization state of light. Thus,
for @1=¢,>0°, there is a progressive transfer of intensity from the high to the
short wavelength resonant peak. Then, these two peaks depict a similar
intensity for @1=¢2=45°, experience a reversal in intensity ratio for @-¢;>45°
and finally reach a maximum intensity/complete neglect at ¢1-¢2=90°.

The pure retarder behaviour of the BM is confirmed verifying that the sum of
the crossed and parallel polarizers spectra in Figure 3.5 and Figure 3.6
matches the spectra in Figure 3.4 obtained with linear polarised light. Further
insights in this polarization behaviour, in particular into the light ellipticity as a
function of wavelength and azimuthal orientation of sample, could be retrieved
calculating the intensity ratio between signals measured with cross and
parallel polarizers. Selected wavelength dependences of this ellipticity are
reported in Figure 3.7, being worth noting that when equivalent transmitted
intensities are measured for the cross and parallel configurations, the BM acts
as a perfect quarter-wave plate3s.
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Figure 3.7. Representation of the sum of the transmission spectra recorded with the
parallel (II) and crossed (x) configurations and the indicated azimuthal orientations of
the zig-zag BM.

The singular wavelength retarder behaviour of the optically active BMs
evidenced in Figures 3.5 and 3.6 stems from interferences within the
multilayer structure, whereby each layer behaves as an individual retarder
inducing a retardance § = An * t/A, where t is the thickness of the birefringent
medium (i.e., layer thickness), A the wavelength of light and 4n the difference
between extraordinary and the ordinary refractive indices of the layer,
An =n, —ny,.

Despite the quite different arrangement of nanocolumns in the zig-zag and
slanted BMs, their equivalent retarder behaviour (see Figure 3.5 a) and Figure
3.6) points to that the fence-bundling association of nanocolumns is the
common microstructural feature inducing the single layer birefringence
responsible for the wave retarder response of the whole device. The lack of
fence-bundling association in the vertical BMs discards such a single-layer
birefringence and consequently prevents any wave retarder function for the
whole structure (see Figure 3.5 a) and Figure 3.6 b) and c)). For the chiral
BM, besides the limited fence-bundling association observed in its

78



Results and Discussion [F@jElejicl )

microstructure (c.f., Figure 3.2 f)), the 90° change in the tilting orientation of
nanocolumns in successive layers precludes a common reference orientation
for the slow and fast optical axis in different layers and, therefore, any
significant polarization activity for the whole device.

3.3.4. Optofluidic behaviour of polarization active BMs

An outstanding characteristic of PV-OAD single or stacked multilayer
photonic crystals or BMs, is their high porosity and the possibility that their
optical response can be altered by liquid infiltration2829, In previous studies on
the liquid infiltration of 1DPC and chiral BMs (i.e., polarization inactive) we
found a pore fraction of ca. 50% that were filled with liquids in its practical
totality. A similar value is expected for the BMs studied here. Figure 3.8 shows
a series of transmittance spectra recorded for the polarization active zig-zag
BM successively infiltrated with water (n: 1.333), ethanol (n: 1.362) and
toluene (n: 1.496).
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: :
= 204 & 20+
0.N=1.000 = o n=1.333
500 600 700 800 500 600 700 800
Wavelength (nm)
100 100 Wavelength (nm)
c) Ethanol d) { Toluene
~ 80+ ~ 80+
g S)
8 60 8 60
c c
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Figure 3.8. Optofluidic modulation of polarization behaviour. Experimental spectra for
a zig-zag BM recorded with unpolarised and 0° and 90° linearly polarised light for the

as-prepared (i.e. air filled) a) and water b), ethanol c) and toluene d) infiltrated
structure.
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It is apparent that, besides a shift in the resonant peak positions, the
magnitude of wavelength splitting between the resonant peaks recorded with
unpolarised light decreases from 23 nm in the originally empty zig-zag device
to 8, 7 and 5 nm, when infiltrated with these liquids. The well-matched
simulated spectra in Figure 3.9 sustains that filling the pores of the structure
with these liquids produces a decrease in the birefringence of the individual
layers from Ang;p, = —0.150 and Ang;p, = —0.043 when the BM is empty
(ie, filled with air) to Ang;p, = —0.112 and Ang, = —0.011 (water);
Angip, = —0.109 and Ang;o, = —0.009 (ethanol); or Ang;p, = —0.094 and
Ang;p, = 0.004 (toluene).
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Figure 3.9. Simulated spectra for a zig-zag BM recorded with unpolarised and 0° and
90° linearly polarised light for the as-prepared (i.e. air filled) a) and water b), ethanol
¢) and toluene d) infiltrated structure.

Furthermore, it is possible to verify that the retarder function of the active
BMs can be modulated by liquid infiltration. Thus, although liquid infiltration
attenuates the optical activity of the BMs, this is accompanied by changes in
shape and intensity of the resonant peaks which constitute the basis of the
outstanding optofluidic effects of these devices. Figure 3.10 shows the spectra
recorded with the cross and parallel polarizers configurations and a
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@1=@2=45° azimuthal orientation of the zig-zag BM filled with air (taken as a
reference), water, ethanol and toluene.
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Figure 3.10. Optofluidic modulation of polarization behaviour. Transmittance spectra
recorded through the zig-zag BM azimuthally oriented 45° with respect to the two
polarisers either in cross (x) or parallel (II) configurations. Bottom) Spectra recorded
for the BM pores filled with air. Top) Spectra recorded for the BM pores filled with
liquids of different refractive indices as indicated.

As expected, increasing the refractive index of the liquid produces a shift to
longer wavelengths in the position of the resonant peaks. In addition, their
intensities increase/decrease for the cross and parallel configurations as the
refractive index of the infiltration liquid increases. An outstanding result of this
experiment is that, after calibration, the intensity ratio between the two
resonant peaks is a direct measurement of the refractive index of the
infiltration liquid. The potential of this behaviour for analytical applications
with solutions (the refractive index directly correlates with solute
concentrations) is quite obvious particularly because, even if the actual two
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resonant peak intensities would be proportional to the excitation beam flux,
their ratio would be independent of malfunctions or time instabilities of the
light source.

3.3.5. Polarization activity and fence-bundling association

From a microstructural point of view, the reported optofluidic response of
the polarization active zig-zag and slanted BMs depends on the development of
a fence-bundling association between nanocolumns. Bundling association in
PV-0AD thin films has been known since the earliest investigations with this
deposition procedure3132, although this microstructural feature has been
scarcely used for the development of optical devices3334,

3.4. Conclusions

The present study constitutes a first example of the interplay between
microstructure, light polarization and liquid-controlled properties of OAD
layered materials that should serve to develop new applications in fields like
sensing, optical device manufacturing and optofluidics. We have demonstrated
that the fence-bundling association of nanocolumns in multilayer thin films
deposited by evaporation at oblique angles can be engineered to develop
polarization active BMs acting as wavelength retarders. Filling the highly
porous structure of these multilayers with liquids attenuates the optical
activity and gives rise to quite striking optofluidic responses easily monitored
by the position, shape and intensity of the resonant peak(s). In particular, we
have shown that the liquid modulation of the retarder function of the BM can
be used to detect the orientation of polarization plane of light or for the
analysis of liquids when integrated in microfluidic devices. Taking into account
the easy manufacturing procedure of these multilayer structures, its
compatibility with any kind of substrates and the possibility of using masks, we
anticipate a wide range of optofluidic applications for this type of planar BM
systems.
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4.1. Introduction

Photonic crystal sensors are of great interest for liquid analysis and represent
a straightforward approach for the development of label-free integrated
sensors. ! In general, photonic structures offer a higher sensitivity than single
layer structures 23 because their use involves optical interference processes
that enhance the small changes otherwise appearing in the optical detection
parameters. Thanks to a strong photon confinement, ultra-small volumes in the
femtolitre level can be tested using photonic crystals sensors, making possible
the realization of the “Lab on a chip” concept. 45 Three-dimensional ordered
opal photonic sensors 6, cavities 78 and waveguides ° in two-dimensional
photonic crystals, and slotted photonic crystals heterostructures in cavities, 10
are some examples of photonic liquid sensors relying on the determination of
refractive index changes. In a similar line, optically active Biophotonic Sensing
Cells made of an ordered arrangement of nanopillars have been recently
reported to characterize liquids through their different response towards s and
p polarizations. 11

Following the redshift of a feature of the spectrum is likely the most common
monitoring method of liquids when using photonic sensors, 6-10.12 although
changes in transmittance has been proposed as well. ¢ For example, ]. Gao et al.
used a single porous silicon layer to determine the concentration of ethanol in
an air stream following the changes in transmittance at a single selected
wavelength. 13 Certainly, a high sensitivity can be achieved by this method if
the resonant peak or other spectral features are sharp and the redshift in the
spectrum produces a high decrease in transmittance at a fixed wavelength.

Previously, our research group presented the synthesis and characterization
of a porous one-dimensional photonic crystal, also known as a Bragg Reflector,
showing that it experienced a spectral redshift when infiltrated with liquids?2
A Bragg Reflector consists of a multilayer of two materials with different
refractive indices and controlled thickness that, due to optical interference
processes, presents a high reflectivity zone o band gap in a certain region of the
spectrum. In the Bragg Microcavity (BM) photonic structure discussed in
chapters 2 and 3, the multilayer stack incorporates a thicker central layer that
breaks the periodicity of the Bragg Reflector and gives rise to a resonant peak
in the middle of the band gap region providing a narrow range of wavelengths
for maximum transmission. These Bragg reflector and microcavity have been
prepared by Physical Vapor Deposition at Oblique Angle (PV-OAD), a suitable
technique for tailoring the fabrication of porous planar photonic structures+.
Its usefulness relies on the possibility to adjust the thicknesses and porosity of
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layers through the control of its characteristic nanocolumnar growth. Others
outstanding features of this kind of growth mode such as the birefringence of
the films can be also used to enhance the performance of photonic devices
constructed by the stacking of such thin films. 15 The modulation of the
porosity and refractive index of the stacked layers during their deposition by
PV-0AD has been a common strategy to build planar Bragg Reflectors using a
single material such as Ti01617 [ITO1819 or silicon. !5 Variations in the
composition of the porous multilayer, e.g., using OAD to alternatively deposit
TiO2 and SiO; layers, has been used for the first time in our research group 12
and then by others 2021 to grow this type of planar photonic structures.

Typically, liquid analysis with planar porous photonic crystals relies on
changes in the effective refractive index (nes) of the system. When a liquid
penetrates in the connected porosity of these planar structures, nesr increases
and leads to a shift to larger wavelength (redshift) in their optical spectra. The
magnitude of this shift is directly related to the refractive index of the
infiltrating liquid, so that the magnitude of the shift is directly dependent on
the liquid filling its pores. In Chapter 2 we have shown that using a Bragg
Microcavity, this redshift effect can be used to analyse solutions due to the rise
of refractive index when the concentration of an analyte increases?2. In that
chapter we have shown that it can be used to analyse mixtures of liquids with
different refractive indices.

The usual measurement method in industry of sucrose, glucose or ascorbic
acid consists of monitoring the rotation plane of light upon passage through
the solution, a parameter that will be a direct function of the rotatory power of
the sample, in particular of its concentration and optical path length23. In this
chapter, we propose the determination of the optical activity of an optically
active Bragg microcavity infiltrated with the liquid. To the best of our
knowledge, this work constitutes a first example showing that the monitored
changes in optical activity of a planar microcavity device can be used to
determine the nature and other characteristic of a liquid or solutions. In
Chapter 3, we have reported the fabrication of polarization active BMs and
their optofluidic behaviour under polarised light irradiation. Singular
characteristics of these BMs of relevance for analytical purposes are the
appearance of a different resonant peak for each polarization of light and the
fluidic modulation of its optical activity. Relying on this behaviour and on the
optical interrogation technique proposed in Chapter 3, in the present chapter
we will carry out a thorough and critical study of the different analytical
possibilities of the BMs prepared by OAD, are they optically active or inactive.
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4.2. Experimental and Methods

Chiral and zig-zag BMs were deposited on quartz plates of 1.25x2.50 cm and
on silicon wafers for SEM analysis by electron beam evaporation in an oblique
angle configuration. The photonic structures consist of a stack of 15 alternating
TiO; and SiO; layers of approximately 85 nm, and a thicker central layer of SiO»
of 200nm, acting as optical defect. The first layer was made of TiO, and the next
of SiO; following this alternative stacking of high and low refractive index layer
up to completing the whole stack. Chiral and zig-zag microstructures were
prepared azimuthally turning the substrate for each layer, either 90° or 180°,
respectively (see Figure 3.1 and 4.1).

Optical analysis of the studied BMs upon the controlled infiltration of liquids
was carried out in a homemade optofluidic device. As in previous chapters, a
general assumption by these analyses is that the infiltrating liquid fills all the
pore volume of the photonic structure. Figure 2.1 shows a photo of one of the
optofluidic devices used for the analysis. This device permits an easy
manipulation and infiltration of the BMs and their measurement in commercial
spectrophotometers without further accessories. In these devices, the BMs
were sandwiched with quartz plates and their borders sealed with PDMS. The
quartz plates presented two holes with hypodermic needles acting as inlet and
outlet pass of liquids. The design of the device left a clear surface of 1 cm? for
the optical analysis and permits an easy control of orientation with respect to
the polarization plane of light.
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Figure 4.1. a) Cross-sectional SEM micrograph (BSE and SE) of a cleaved chiral BM.
Overpainted a scheme of the 7 layer- optical defect- 7 layer BM stacking order. The
schemes at the side show a scheme of the ideal geometric arrangement of the
nanocolumns in the individual layers. b) Ditto for a zig-zag BM. c) Optofluidic response
of chiral BM when infiltrating with water under unpolarised light conditions. d) Ditto
for a zig-zag BM.

Transmittance UV-Visible measurements were carried out in a Cary 100
spectrometer. Wide range linear polarizers and an azimuthal rotating holder
were employed for the different experiments. The optical spectra of the chiral
BM were obtained with unpolarised light whereas zig-zag BM optical spectra
were measured by placing a linear polarizer before the sample, either at 0° or
90° with respect to the direction of the fence-bundling association in the film.
The redshifted position of the resonant peak was carefully determined by a
Gaussian fit. Changes in the optical activity were determined with two linear
polarizers placed before and after the sample either in a crossed or an aligned
configuration and oriented forming a 45° azimuthal angle with respect to them
(see Figure 3.5). The optical spectra were recorded between 400 and 800 nm,
i.e.,, encompassing the working range of the linear polarizers.

Cross-section analyses by scanning electron microscopy (SEM) of the BMs
were carried out by cleaving the deposited silicon wafers. The SEM
micrographs were obtained in a Hitachi S4800 field emission microscope
working at 2 keV primary beam energy. The Secondary Electron (SE) and the
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Back Scattered Electron (BSE) modes were used for topographic and
compositional information respectively.

4.3. Results and Discussion

4.3.1. Optofluidic behaviour of nanostructured Bragg Microcavities

The utilized BMs are characterized by a stacked pattern of successive layers
of two oxides with different refractive indices, one low (L) and one high (H),
and a thicker central layer acting as optical defect. The low refractive index
layers and the optical defect have been made of SiO, and the high refractive
index layers of TiO;. Figure 4.1 presents the microstructure of the chiral and
zig-zag BMs. The Back Scattered Electron (BSE) SEM micrographs in Figures
4.1 a) and b) highlights the different composition of each layer through a
brighter colour to TiO; and a darker colour to SiO; layers. Meanwhile, the
Secondary Electron (SE) SEM images evidence the characteristic columnar
microstructure of OAD thin films, as well as its characteristic arrangement in
the chiral and zig-zag configurations and a negligible fence-bundling
association in the chiral BM and an enhanced association in the case of the zig-
zag BM. Figures 4.1 c) and d) display the optofluidic behaviour of porous BMs
showing a redshift and an increase in transmittance when the BM are
infiltrated with water. The transmittance spectrum of the chiral BM depicts the
typical profile of a BM characterized by a narrow resonant peak in the middle
of the band gap (Figure 4.1 c)). Unlike the chiral BM, the zig-zag BM presents
two resonant peaks separated by 23 nm. This separation can be modulated by
liquid infiltration, in which case the two peaks become closer and appear as a
single broader and redshifted peak (Figure 4.1 d)). As it was explained in the
previous chapter, an optical inspection with polarised light (Figure 4.2)
reveals that this wide resonant peak recorded with unpolarised light is actually
composed of two resonant peaks separated by 8 nm, each one appearing upon
a different orientation of the sample with respect to the polarization axis of
light (Figure 4.2 b)). We will show below that this azimuthal angle
dependency can be used to increase the limit of detection of the zig-zag BM
infiltrated with solutions.
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Figure 4.2. Polarization azimuthal dependence of BMs infiltrated with water. Chiral a)
and zig-zag BM b) spectra around the resonant peak when recorded with linearly
polarised light at the indicated angles (¢) formed between the polarization plane and
the bundling direction (i.e., azimuthally rotating the sample by the indicated angles).

4.3.2. Liquid analysis by monitoring changes in the optical spectra of BMs.

In this section we will present two different analytical strategies used to
determine the concentration of solutions using optically active and inactive
BMs. The procedures rely on the determination of the position of the resonant
peak and of the transmittance at a given wavelength.

a) Redshifts of BMs’ resonant peaks.

The infiltration of the BMs with solutions containing an increasingly higher
concentration of glucose produces a progressive redshift in the transmitted
spectra which can be quantitatively monitored by following the resonant peak.
Figure 4.3 presents series of spectra recorded around this peak for two
polarizations of light when the zig-zag BM is infiltrated with different solutions
and for unpolarised light in the case of the chiral BM. These series of spectra
corresponding to glucose concentrations comprised between 0.5 and 4.0mol/L
(Figures 4.3 a), b) and c)) clearly prove a direct correlation between the peak
position and the concentration of the infiltrated solution. Lower concentrations
from 0.1 to 0.5mol/L were explored as well, and the effects on the peak
position are reported in Figures 4.3 d), e) and f).
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Figure 4.3. UV-vis transmission spectra recorded around the resonant peak for water
and a series of glucose solutions infiltrating the zig-zag and chiral BMs taken,
respectively, with polarised light at $=90° a) and $=0° b) and with unpolarised light c).
The vertical dashed line in a) and b) indicates the resonant peak position with water at
$=90° (A=646nm). A self-calibration in intensity to prevent the effect of possible
fluctuations of the lamp was carried out by taking as reference this peak. d), e) and f)
ditto for lower concentrations.

Trying to quantify the dependence between resonant peak position and
concentration of glucose solutions, Figure 4.4 shows a series of plots where
the AA values between the positions of the resonant peak infiltrated with
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solutions and its position when filled with water is represented against the
concentration of glucose in the investigated solutions. The two plots
correspond to high (Figure 4.4 a)) and low (Figure 4.4 b)) ranges of
concentrations. The two lines reported for the zig-zag microstructure
correspond to values taken for ¢= 90° and 0° but, in this latter case referring
the AA values to the position of the reference resonant peak (i.e. for the BM
infiltrated with water) taken at ¢= 90° (i.e., dashed spectrum in Figure 4.3 b)).
As expected, the two lines joining the points in Figures 4.4 a) and b) are rather
parallel, although the slope is slightly higher for the ¢= 90° representation.
This difference becomes clearer at low concentrations as shown in Figure 4b).
We will see bellow that taking references at different polarization of light can
be advantageous if data are referred to the percentage of transmittance rather
than to the position of the maxima. Meanwhile, the set of data taken for the
chiral BM also represented in Figures 4.4 a) and 4.4 b) define a line with a
slope that is steeper than that obtained for the zig-zag BM data points. This
result clearly proves that the non-active BM presents the highest sensitivity for
concentration analysis, at least when referring the concentrations to the
position of the resonant peak. In general, these graphs demonstrate the
reliability of the chiral and zig-zag BMs for the determination of concentrations
by measuring the resonant peak position.
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Figure 4.4. a) Plot of the shift in wavelength of the resonant peaks as a function of the
glucose concentration for zig-zag and chiral BMs, including the two polarizations for
the latter. Both are referenced to Amax-90c=646nm. b) Ditto for low concentrations of
glucose. Blue axis corresponds to zig-zag BM $=90°.

From the known values of the refractive indices of glucose solutions24, we
have calculated the detection sensitivity AA/An in nm over refractive index
units (RIU), a parameter which accounts for the sensitivity of the measurement
system. The measurements with the chiral BM are characterized by a AA/An of
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275 nm/RIU, while the zig-zag BM at pol 0° and 90° presents values of 119 and
137 nm/RIU, respectively.

b) Changes in transmittance at a selected wavelength.

The previous analysis requires a spectrophotometer to monitor the peak
position after infiltration. This requirement could be avoided by following
changes in intensity in the BMs at a given wavelength. Intensity detectors as
photodiodes are cheaper, easier to handle and represent a simpler method of
measurement. Moreover, single wavelength sources (e.g. a LED) tuned to the
peak position of the BM resonant peak might be used for excitation, thus
avoiding the need of any filter or spectrometer.

The measurement protocol, consisting of correlating changes in
transmittance at a selected wavelength with the solution concentrations, uses
as a reference the maximum transmittance of the resonance peak of the BM
when it is infiltrated with water.

The direct measurement of the changes in transmittance for the chiral BM can
be taken as a direct monitoring parameter of the concentration of the
solutions. The results of a series of experiments using this methodology for
different types of BMs are reported in Figure 4.5. It is also worth stressing that
the optical activity of the zig-zag BM offers additional possibilities of analysis
as illustrated in Figure 4.5 where the resonance peak recorded at ¢re= 90°
with water is used as a reference and the solutions are measured at ¢= 0°. In
fact, using the same polarization, i. e., = 90°, for both the reference (i.e. water)
and problem solutions at low concentrations, renders little changes in intensity
since the measurements are close to the maxima position in all cases (see
Figure 4.3 d), e) and f)). However, if the reference is measured at ¢re= 90° and
the problem solutions at ¢= 0° it turns out that the variation degree of
intensity vs concentration along the dashed line is quite high, as illustrated in
Figure 4.3 and 4.5 b). It is worthy of note that taken the water spectrum
recorded at ¢rr= 90° as a reference is quite straightforward because it only
requires to rotate the device by 90°. A similar argument holds for the back-
rotation of the BM by 90° to measure the higher concentration solutions (from
1 mol/L on in our case) to recover higher sensitivity.
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Figure 4.5. Transmittance spectra of zig-zag BM around the resonant peak at $=0° and
$=90° infiltrated with water a) and with a solution of glucose 1M b). AT represents the
difference in transmittance at a 646 nm (vertical line) with respect to $=90° infiltrated
with water. c) Difference in transmittance as function of the glucose concentration
according to the spectra reported in in fig 3 a), b) and c) for chiral and zig-zag BMs at
®=0° and $=90°. d) Ditto for lower concentrations (Fig 3 d), e) and f)). The blue axis
refers to zig-zag BM at $=0°.

For the low and high concentration ranges, Figure 4.5 c) and d) show a
summary of the obtained results obtained using the chiral and zig-zag BMs, in
this latter case including curves obtained by referring the data to the water
reference measured at ¢.= 90°. Owing to the changes in intensity along the
resonant peak profile, this plot clearly illustrates that the sensitivity of the
measurement, defined by the slope of the calibration curves in this figure, is
different depending on the range of concentrations, the type of BM and, for the
zig-zag BM, for the polarization dependent position of reference peak utilized
for the analysis (i.e., when filled with water and using ¢re= 90° or dre= 0°).
These optimum ranges of concentrations are: chiral BM from 0.5 to 2.5mol/L,
zig-zag BM with ¢r=0° from 0 to 1 mol/L, and zig-zag BM with ¢.=90° from
1.5 to 2.5 and from 3.0mol/L on.
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Similarly to the AA method where we defined AA/An as sensitivity parameter,
here we can define an equivalent AT/An sensitivity parameter. The obtained
values in this case were 395 %/RIU from chiral BM and 369 and 272 %/RIU
from zig-zag BM with ¢=90° and at ¢.=0° respectively. Focusing in the
aforementioned optimum ranges of concentration to maximize the
performance, we obtained 440, 432 and 671 %/RIU as sensitivity parameters
from chiral BM and zig-zag BMs at $=90° and at $=0°. These results highlight
the good performance of the zig-zag BM at $=0° for low concentrations using
this polarization resolved approach of measurement.

4.3.3. Liquid analysis by monitoring changes in the optical activity of BM.

In Chapter 3 we showed that incorporating a second polarizer after an
optically active zig-zag BM provides an additional method for monitoring
refractive indices of the liquids filling its pores. Herein, we propose to
systematically use this approach to determine the concentration of problem
solutions of glucose taken as example. It is obvious that chiral BMs must be
excluded from this analysis due to their lack of optical activity.

Figure 3.5 showed a scheme of the experimental arrangement used for this
experiment and Figure 4.6 presents a series of spectra recorded for the cross
and parallel configurations of the polarizers for three glucose solutions of
increasingly higher concentrations. Clearly, besides an equivalent redshift
recorded for the two configurations, the intensity of the spectra recorded for
the parallel configuration increases with the glucose concentration, while it
decreases when the spectra are recorded for the cross configuration. This
tendency agrees with the behavior previously reported in Chapter 3 of this
type of BM infiltrated with pure liquids of increasing refractive indices.

We propose that the intensity ratio between the spectra recorded with the
cross and parallel configurations can be taken as a measurement of the glucose
concentration in the solution. For high concentration solutions, the calibration
curve reported in Figure 4.6 c) yields a practically linear dependence of this
parameter on the glucose concentration. Meanwhile, the results in Figure 4.6
d) corresponding to low concentrations glucose solutions suggest a limit of
detection using this methodology of 0.1mol/L. On the other hand the
sensitivity parameter A3/An obtained in this case was 147 RIU-L.
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Figure 4.6. a) & b) Transmittance spectra of zig-zag BM recorded around the resonant
peak infiltrated with water and several solutions of glucose. The sample was rotated at
¢$=45° and placed in-between two aligned (a)) and crossed (b)) polarizers. c) Ratio
between the areas of the resonant peaks recorded in aligned and crossed configuration
as a function of glucose concentration. d) Ditto for lower concentrations of glucose.

It is worth noting that this polarization ratio procedure avoids experimental
problems stemming from malfunctions or time instabilities of the light source
or other drifts and instabilities of the measurement system because the ratio
between signals is independent of the illumination intensity?2s.

4.4. Conclusions

Porous planar BMs have been successfully deposited by OAD using an
electron-beam evaporator. By azimuthally rotating the substrate for each layer,
BMs with zig-zag and chiral microstructures have been grown leading to
polarization active and non-active BM, respectively. These BM have been
successfully implemented in an optofluidic device to allow the infiltration and
the posterior optical testing of liquids for analytical purposes. Taking
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advantage of the optofluidic behaviour of BMs and their optical spectra, three
measurement methods have been proposed for determining the concentration
of glucose solutions. The redshift of the spectra have been analysed by
measuring both, the shift of the resonant peak and the variations in intensity at
a selected wavelength. An optimum range of concentrations has been proposed
for each configuration. The variation of the optical activity with the refractive
index of the infiltrating liquid in the zig-zag BM has been also found to depict a
suitable behaviour for liquid analysis.

The low volume of liquid required for the infiltration of the porous BMs
makes easy their implementation into complex microfluidic systems. The chiral
and the zig-zag BM could provide a simple and reliable analysis offering two
possible performances for measuring the former and two the latter.
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Anomalous Giant Absorption of Dye
solutions infiltrated in Planar Bragg
Microcavities
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5.1. Introduction

The previous chapters in this thesis have shown that planar Bragg
microcavities (BM) formed by the stacking of porous layers of two oxide
materials of different refractive indices are useful transducers for liquid
monitoring. In all investigated examples presented along this thesis, the liquids
were colourless and the basic principle of detection consisted of monitoring
the variation in refractive index of the liquid or solution. In this chapter we
investigate the effect of infiltrating the BM device with coloured liquids
characterized by a high absorption band coefficient. This investigation is
primarily intended to prove the effect of highly absorbent liquids on the
optofluidic behaviour of the BMs. However, in the course of the performed
experiments with dye solutions we have been able to show the appearance of
new resonant effects involving both the photonic structure and the highly
absorbent solutions. In concrete, the observed effects have been accounted for
by an apparent enhancement of the absorption coefficient of the dye solutions.
This enhanced absorption has been monitored following an anomalous redshift
in the position of a given resonant peak of a BM incorporating a large defect. A
careful simulation analysis using WVASE and FilmStar Optical Thin Film
software packages has permitted a straightforward interpretation of the
observed effects and, therefore, to pave the way for the application of the
detected decoupling principle for different purposes. In particular, we believe
that the implications of the experiments presented in this work are of
relevance to explain the enhancement in photon yield observed in photovoltaic
cells incorporating a Bragg resonator!-3, for optofluidic sensing applications*-3
or to explain other photoluminescence mediated processes in BMs?-13,

5.2. Experimental and Methods

5.2.1. Materials and characterization and analysis procedures.

Uniform, mechanically stable, and highly porous BMs made of alternated
layers of TiO2 and SiO; have been prepared by oblique angle deposition (OAD)
according to the procedure reported beforel4. A first set of porous BMs with a
zig-zag microstructure were e-beam evaporated on glass plates of 1.5 x 2.5 cm?
at a zenithal angle of 60° by rotating the substrate 180° from one layer to the
next as we showed in Chapter 3. During the deposition, the substrates were
placed at 70 cm from the evaporation source. For electron microscopy
characterization, samples were simultaneously deposited on a silicon wafer.
Another set of similar BMs with slanted microstructure and a controlled lateral
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variation of thickness where prepared at a zenithal angle of 60°. Control over
the lateral variation of thickness in a range from 2480nm to 2753nm (~11% of
gradient thickness) was achieved by placing a larger substrate (1.5x 3.5 cm?) at
a shorter distance of ca. 30 cm from the evaporation source. For some specific
experiments carried out for comparison, SiO; and TiO. single layers were
prepared as described for the zig-zag BM but using just a single source of
material for evaporation.

Cross section scanning electron microscopy (SEM) images in Secondary
Electrons (SE) and Back-Scattered Electrons (BSE) mode were obtained in a
Hitachi S4800 field emission microscope for samples deposited on a silicon
wafer that were cleaved for cross-section analysis.

UV-vis transmission spectra of the Rhodamine 101 (Rh101) and Rhodamine
B (RhB) solutions in ethanol were recorded using linearly polarised light in
normal incidence and at different impinging angles with a Varian Cary 100
instrument. UV-vis reflectance spectra were also recorded in normal incidence
by means of a set-up consisting of optical fibres with a micrometric sliding
holder in an Ocean Optics QE65000 Spectrometer. Although the polarization
activity depicted by the zig-zag and the slanted BMs (Chapter 3) will not be
discussed any further along this chapter, it is worth mentioning that to
increase the resolution (see section 3.3.2.) all data acquired either in
transmission or reflectance modes were recorded with linearly polarised light
along the direction perpendicular to the fence-bundling association.

For the optofluidic essays, the BMs deposited on a glass plate were
implemented in two different microfluidic devices. According to Figure 5.1, a
first device type incorporates this covered plate sandwiched with another glass
plate as explained in Chapter 2 (device type 1), while in a second one these
active plates were incorporated in a homemade micro-cuvette of 125pum of
path length (device type 2). These simple microfluidic arrangements enabled
handling the device as a plate substrate in front of the light beam of a
spectrometer and to record spectra while replacing the circulating liquid by
simple injection. Measurements were carried out in transmission (devices type
1 and type 2) and reflection (device type 2) modes. This latter procedure (light
incidence on the backside of the plate where the BM was deposited) ensures
that only the volume comprised within the BM thickness is monitored during
the analysis.
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Figure 5.1. Schemes and photographs of the microfluidic devices, type 1 and 2,
integrating BMs (dimensions are not at real scales).

5.2.2. Simulation analysis

To simulate the reflectance and transmittance spectra we have used the same
optical description of the BM used in Chapter 3 using WVASE software to
account for the multilayer structure and optical anisotropy. The optical
description of the absorbing solution was mathematically described with the
parameterized GENOSC.MAT type material description that self-consistently
couple the corresponding refractive index and extinction coefficient by
Kramers-Kronig relations. Thus, ethanol solutions were described with a
Cauchy dispersion corresponding to the pure ethanol plus the addition of
gaussian-lorentzian absorption bands, obtained as a result of fitting
experimental transmission and reflection measurements.

The evaluation of the electric field strength vs device thickness was done
using FilmStar Optical Thin Film software [http://www.ftgsoftware.com/]. The
inputs for this calculation were the optical (refractive index and extinction
coefficient of the layers in the BM device) and topology (multilayer structure)
descriptions obtained after measuring the SEM images and measured the
reflectance and transmittance spectra with WVASE.
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5.3. Results

5.3.1. Liquid infiltration of Bragg microcavities with two or more
resonant peaks.

Bragg microcavities (BMs) similar to those utilized in Chapters 3 and 4 but
with a relatively thicker middle layer acting as optical defect have been utilized
in this study. An example of such a microstructure is presented in Figure 5.2a)
and b) showing the cross section of BMs formed by 7 bottom stacked TiO, and
SiO; layers in the form of a 1D photonic crystal, an intermediate thick layer of
SiO2 and a top 1D photonic crystal equivalent to that in the bottom part. In
Figure 5.2a), the whole layer structure was prepared in a zig-zag
configuration whereby the substrate was rotated by 180° when changing from
one layer to the next during the evaporation sequence. In the case of the SiO;
intermediate layer, with an approximate total thickness of 1000 nm, the
substrate was rotated after 250 nm evaporation to reduce possible scattering
effects associated to the nanocolumn width increase commonly observed for
slanted configurations?s. Figure 5.2b) presents a slanted BM with the same
thicknesses than the zig-zag but grown at a shorter distance from the
evaporation source in order to increase the lateral inhomogeneity in thickness
in the direction perpendicular to the fence-bundling association!t. As
previously discussed in Chapter 3, an additional consequence of either the zig-
zag or slanted configurations is that the photonic structure becomes
birefringent, i.e., it presents double resonant peaks each one for a given
perpendicular polarization. The transmission spectra of the zig-zag BM
recorded with 0° and 90° linearly polarised light with respect to the fence-
bundling direction in the layer are presented in Figure 5.2c). These two
spectra are characterized by two resonant peaks located within the typical
transmission gap of these structures. The appearance of these two resonant
peaks is due to the large defect thickness in this BM structure, while the
polarization dependent shifts by 14 and 19 nm in the position of, respectively,
the first and second resonant peak confirm the birefringent character of this
BM (i.e., higher refractive index in the fence-bundling direction than in their
normal at the device surface, see Chapter 3). In a similar way that for the one-
peak BM reported in previous chapters, Figure 5.2d) shows that the
infiltration of this photonic structure with liquids produces a redshift of the
spectrum and a substantial decrease in the difference between the positions of
the resonant peaks recorded with 0° and 90° polarizations which, according to
this figure, only shifted by 2.6 and 4.6 nm when the BM was infiltrated with
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ethanol. It is also worth noting in this figure the appearance after infiltration of
a third resonant peak at around 566nm (marked with P in the spectra) that

previously was concealed by the oscillations occurring outside the optical gap
zone).
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Figure 5.2. a) & b) BSE and SE cross section SEM micrographs of the zig-zag and the
slanted large defect BMs respectively. The colouring at the left hand side of the image
highlights the stacked TiO. (blue) and SiO, (green) layer structure. c) UV-vis
transmission spectra of a zig-zag BM recorded with 0° and 90° linearly polarised light.
d) Idem after infiltration of this porous BM with ethanol.

The spectra in Figure 5.3a) show that after infiltration with liquids of
different refractive indices there is a progressive shift in the position of the
three resonant peaks as expected from previous chapters. A careful evaluation
of the positions of the three resonant peaks (called Pi, Pz and P3 in Figure
5.3b)) shows that the differences in their positions (i.e. APi=P;(Aiiquia)-Pi(Awater))
as a function of the refractive index of the infiltrating liquid follow similar
increasing and parallel trends. According to WVASE simulations of the porous
BM it is expected a linear shift of the resonant peak position with the refractive
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index of the infiltrated liquid. This behaviour is similar to that reported in
Chapter 2 for one peak BMs.
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Figure 5.3. a) UV-vis transmission spectra recorded with linearly polarised light of the
zig-zag large defect BM infiltrated with liquids of different refractive indices. b) Plot of
the resonant peaks shifts as a function of the refractive index of the liquid infiltrating
the pores of the structure.

a) BM infiltrated with dye solutions

In Chapters 2 and 4 we showed that the change in refractive index of liquid
solutions when increasing the solute concentration produces a progressive
shift in the resonant peak positions that can be used to determine the solute
concentration. These experiments were carried out with nonabsorbent liquids
characterized by a smooth variation of refractive index with the wavelength
(i.e. presenting a slight or no chromatic dispersion). In highly absorbent liquids
or solutions, larger changes are expected in the refractive index associated
with the presence of intense and narrow absorption bands!’. Figure 5.4.a)
shows the absorption coefficient (a(A)) spectra for increasing concentrations
of Rh101 in ethanol solutions (full lines) and the corresponding refractive
index (n(A) in dashed lines). It is apparent that for increasing concentrations of
dye there is increasing variation in the refractive index of the solutions around
the absorption zone. Thus for 10-3M Rh101 in ethanol (maximum absorption
coefficient of ~0.03 um-1), n(A) varies around the position of the absorption
band ~0.002 units . In Figure 5.4.b) we also present the absorption coefficient
and refractive index functions (dashed lines) calculated in Section 5.3.1.b) for
the same dye solutions infiltrated in the BM. Note the difference in scales for
both the refractive index variation and the absorption coefficient. These curves
will be discussed later in this chapter.
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Figure 5.4. a) Refractive index (dashed lines) and absorption coefficient (full lines)
spectra of several concentrations of Rh101 in ethanol solutions recorded in a 125
micron path length cuvette shown in Figure 5.8 d). b) Similar than a) but with the
solutions infiltrated in the BM. The curves were determined by fitting analysis of the
angle dependent transmission spectra of the BM infiltrated with 10-4, 5-10-4 and 103 M
Rh101 solutions shown in Figures 5.8a, 5.8b and 5.9 (see also sections 5.3.1. b) in text).

Henceforth, we describe a set of experiments showing the optical response of
the infiltrated BM with dye solutions.

Figure 5.5 presents a series of spectra recorded in reflection mode (device
type 2) for increasing concentrations of RhB in ethanol up to 10-1 M. The
spectra reported in Figure 5.5 a) clearly show a progressive variation in the
resonant peak positions. This shift is almost the same for P, and P3; (Figure
5.5d)) but larger for P4, precisely the resonant peak closer to the absorption
band of the dye as observed in Figure 5.5b) for the spectra recorded with the
BM and in Figure 5.5c) for the transmission spectra directly recorded for the
dye solution. This decoupling of the resonant peak position P1 points to a
modification of resonant effects in the BM under the influence of the dye
absorption band. Simulation of the spectra according to the premises
presented in the experimental section (Figure 5.6) effectively confirms that
this decoupling of the Py position is linked with its proximity to the absorption
band of the RhB solutions and to the high variation of the refractive index in
this zone, a deviation that has already dumped at Pz and P3 wavelengths.
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Figure 5.5. a) UV-vis reflectance spectra of the large BM infiltrated with increasingly
higher concentrations of RhB in ethanol. b) Detail of the spectra in an enlarged scale
around Pj. ¢) UV-vis transmission spectra of the RhB solutions. d) Variations in the
resonant peak positions as a function of the dye concentration in the solutions.

100 Exp Ethanol b 60 Exp Ethanol ‘.'
a) o *7 77 SimEthanol ) -+ == Sim Ethanol RN I}
804 o Exp RhB 10010 M 50 { —ExpRNB 100-10° M [
— [+ 7 SimRhB100-10°M . -~ Sim RhB 100.10° M
S S i '
< 601 < 40
(5] b}
< £ 30
g a0 8%
= = 20
T 20 4
P, P, 10+
0 : : T : : :
500 600 700 540 560 580 600
Wavelength (nm) Wavelength (nm)

Figure 5.6. Comparison between experimental (full lines) and simulated (dashed
lines) reflectance of the BM infiltrated with ethanol and with 10-1 M solutions of RhB in
this solvent.
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To have additional insights of this modulation effect, experiments have been
carried out making that the resonant peak position crosses the dye absorption
band (and therefore the wavelength zone characterized by a sharp variation of
the refractive index (Figure 5.8))).

b) Monitoring anomalous BM resonant peak shifts by polar rotation

These experiments were carried out in transmission mode using the device 1
and measuring the transmission spectra in an UV-vis spectrometer while
turning the device with respect to its polar axis. A well-known behaviour of
BMs when examined by impinging the light at directions other than normal to
the surface is a progressive shift to lower wavelengths (blueshift) in the
position of the resonant peaks with the impinging angle (Figure 2.6). For the
examined BM infiltrated with ethanol, the observed angle dependence of the
resonant peaks positions is presented in Figure 5.7. This figure also shows
that this shift has a different magnitude for Py and P2 vs polar rotation angle
and that, therefore, the difference between them experiences a progressive
decrease with the analysis angle.
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Figure 5.7. a) UV-vis transmission spectra of the large BM infiltrated with ethanol
recorded off-normal at increasing polar angles. b) Plot of peak position P31, P2 and the
difference (P1- P2) as a function of polar angle.

This experiment was repeated with Rh101 ethanol solutions and the results
reported in Figure 5.8 for solutions of Rh101 of 104, 5-10%4 and 103 M
concentrations. A first effect observed in this series of spectra is a progressive
decrease with the dye concentration in the intensity of the first resonant peak
(Figures 5.8a) and 5.8b)). In addition, turning the device produces a
progressive blueshift in the position of the two resonant peaks that, for P»,
follows the already described behaviour found with pure ethanol. By contrast,
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P1 experiences an anomalous shift that can be easily monitored by
representing the value P2-P1. According to Figure 5.8c) the position of this
peak is highly dependent on the concentration of the dye molecule and depicts
an oscillatory dependence with the tilting angle. Particularly for the most
concentrated solution, but also visible for the two others concentrations, the
difference P»-P; oscillates in the wavelength region of the dye absorption band
(c.f. Figure 5.4a)). It is remarkable that the shape variation of this difference at
the absorption band resembles that of the refractive index of the Rh101
solutions reported in Figure 5.4b) and that the intensity of the variations
depends on the concentration of dye in the ethanol solution. A first application
of this anomalous behaviour is to determine the concentration of dye solutions
by just correlating its value to the magnitude of the maximum change in AP1.
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Figure 5.8. a) & b) Series transmission spectra recorded for the large BM infiltrated
with increasingly higher concentration Rh101 in ethanol (5:104 and 10-3 M) for the
indicated impinging angles of the light beam . c) Plot of P,-P; for the different studied
solutions. d) Transmission spectra of the analyzed Rh101 solutions.
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Both the intensity evolution of the resonant peak and the position of the
maximum as a function of the analysis angle could be reproduced by
simulation under the assumptions of a classical interference model that
incorporates the effect of the dye absorption (see methods Section 5.2.2 for
clarification). The results of this simulation are represented in Figure 5.9
showing a pretty good match between experimental and simulated spectra.
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Figure 5.9. Experimental and simulated UV-vis spectra for different impinging
angles of light for the large BM infiltrated with 103 M Rh101 solution in
ethanol.

This good fitting requires as inputs the wavelength dependent apparent
absorption and refractive index functions of the solutions filling the pores of
the BM, these latter plotted in Figure 5.4.b), which are clearly more intense
than the absorption and refractive index curves of the solutions directly
measured by transmission in the 125 um path length cuvette. We tentatively
attribute this effect to the confinement enhancement of electrical field well-
known in Bragg reflectors and BMs®318 when used to increase the photon yield
in photovoltaic cells21? or in other photoluminescence applications20-22, In our
case, the anomalous shift in P; is due to anomalous wavelength dispersion in
the refractive index because of the presence of a localized enhanced absorption
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in the BM. This effect could be mathematically described as an enhanced
absorption coefficient (as shown Figure 5.4a)), that stems from the
concentration of the electric field in the BM at the wavelengths around the
resonant peak. This point will be the subject of a dedicated discussion in
Section 5.4.

In the case of the absorption curve there is also a certain broadening and a
small shift in the position of the maximum of the absorption band to larger
wavelengths (that we attribute to the higher effective refractive index of the
surrounding medium SiO;/TiO,/Ethanol).

c) Monitoring giant dye absorption in BMs with variable thickness

To further analyse the influence of the dye in the BM spectra we have used a
thickness gradient device where the position of the resonant peaks
progressively shifts when laterally moving the sample. For this purpose we
have prepared an inhomogeneous BM structure for a zenithal deposition angle
of 60° that we integrated in a device type 2 (see Figure5.1b)). This system was
systematically investigated both in transmission and in reflection modes, this
latter to minimize any influence of the dye absorption in the solution outside
the BM structure. For three different dye concentrations in the ethanol
solutions, Figure 5.10 shows the evolution of the transmission spectra
measured with this device at analysis positions varying by approximately 0.15
mm along the sample. A similar set of spectra is shown in Figure 5.11, this
time recorded in reflection mode and varying the position along the sample
around 0.30 mm. Clearly the spectra experience an overall shift which we
attribute to a progressive increase in the total thickness of the BM from about
2480 to 2750 nm in this observation range. The series of spectra with a high
concentration of dye in the solution shows a net decrease in the intensity of
peak Py that must be attributed to the light absorbed by the dye. In addition,
the analysis of the curves obtained when representing P2-P1 vs. Pz clearly
reveals an oscillatory variation that confirms the already discussed modulation
effects associated with the anomalous dispersion changes in refractive index
associated to the presence of the absorption band of the dye. Similarly to the
angle-dependent experiments in Section 5.3.1.b), an accurate simulation of
the spectra and of the decoupling in the position of P1 has been possible with
the absorption and n(A) curves reported in Figure 5.4 for the 10-3 M Rh101
solution infiltrating the BM. These simulated spectra are presented in Figure
5.12.
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Figure 5.10. a)-c) Series of UV-vis transmission spectra for the infiltrated large BM of
variable thickness recorded at different positions along the direction of increasing
thickness. Each plot corresponds to a different concentration of Rh101 as indicated.
The absorption band of the Rh101 ethanol solution is included for comparison. d) Plot
of P2-P1 vs. P for the 10 and 2:10-* M solutions depicting an anomalous deviation
attributed to the overlapping of the high absorption band of the dye and the P,

resonant peak.
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Figure 5.11. a)-c) Series of UV-vis reflectance spectra recorded with the infiltrated
large BM of variable thickness at different positions along the direction of increasing
thickness. Each plot corresponds to a different concentration of Rh101 as indicated. In
b) and c) the blue plot refers to the blue axis and represents the UV-vis transmission
spectrum of the infiltrating Rh101 solution. d) Plot of P2-P; vs. P, for the indicated dye
concentrations.
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Figure 5.12. Series of simulated UV-vis reflectance spectra of a BM infiltrated with a
solution of Rh101 10-3M in ethanol. Each plot corresponds to the simulation of a BM of
different thickness. The blue plot refers to the blue axis and represents the UV-vis
transmission spectrum of the infiltrating Rh101 solution.

5.4. Discussion and Conclusions

The refractive index of a porous film infiltrated with a liquid is a convolution
of both, the refractive index of the material (i.e. nrio2 or nsioz in our case) and
that of the liquid ny according to effective medium theory. For transparent
liquids, n follows a smooth variation?? with very little dispersion with
wavelength between the positions of the two resonant peaks of the BM (for
example Nethanol is 1.362 and 1.360 for A= 564 and 646 nm, and the positions of
the resonant peaks after infiltration of the BM with this liquid does not vary
significantly, see Figures 5.11 and 5.12). The hypothesis sustaining the
present chapter is precisely that infiltrating the BM with a liquid presenting an
intense absorption band close to or overlapping the resonant peaks of the BM
will modulate the position of this peak without affecting the others, i.e., the
resonant effects in porous BMs can be selectively tuned by infiltration of highly
absorbent liquids. The phenomenology described in the previous sections has
been linked to the sharp increase of the dye absorption and the anomalous
wavelength dispersion of the refractive index functions within a short interval
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of wavelengths. However, for a proper quantitative evaluation of the observed
effects our simulations have shown that the experimental results can only be
reproduced by assuming that the dye molecule infiltrating the BM should have
an apparent absorption (and therefore an associated n(A) function) much
higher than that determined for the same solution in a cuvette or infiltrated in
a simple layer of porous SiO; or TiO; films prepared by OAD as reported in

Figure 5.13.
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Figure 5.13. UV-vis transmission spectra of simple layers of SiO; and TiO; in a device
type 2 infiltrated with a selected solution of Rh101 and the transmittance spectrum of
this solution (dashed line).

To account for this apparent contradiction, we have calculated the
distribution of the electrical field through the BM and found the variation
presented in Figure 5.14. In this figure we compare the transmission spectrum
of the BM with the calculated electrical field along the device thickness
coordinate and as a function of the wavelength. Figures 5.14 a) and c),
represent the total electric field within the BM (blue lines) as a function of the
wavelength and reveal the existence of maxima at the wavelengths of the BM
resonant peaks. Comparing both spectra, in the case with dye solution the
electric field in the absorption region (P1) clearly decreases as a result of the
enhanced absorption. Figures 5.14 b) and d) break down the strength of the
electric filed in a 3D plot as a function of the BM thickness besides the
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wavelength. These figures show the concentration of the electric field in the
optical defect region at the wavelengths of the resonant peaks and a smooth
increase along the whole layer in the other regions.
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Figure 5.14. a) UV-vis transmission spectrum of the large BM infiltrated with ethanol
and calculated electrical field strength as a function of the wavelength (blue axis). b)
Colour plot of the electrical field intensity as a function of both the wavelength and
thickness coordinates for the latter case. c) & d) Ditto for a) & b) for the BM with an
infiltrated Rh 101 solution 10-3 M in ethanol.

This behavior is exposed in Figure 5.15 where a) clearly exhibits the
concentration of the electric field in the positions of the resonant peaks. The
concentration of the electric field as well as its depletion in the presence of dye
is shown in b). Note that the condition for a given wavelength to have a
resonance at the BM is that an integer number of half wavelength equals the
thickness of the defect layer of the BM. The black curve in Figure 5.15b)
represents the case of a wavelength that doesn’t match this condition. Thus,
this calculation reveals that the electric field is much smaller at the first
resonant peak for the BM infiltrated with the dye solution. This selective
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decrease in the electrical field intensity at the wavelength region of the first
resonant peak must be interpreted in the light of the observed modulation of
resonant peak position: the electric field maximum at this wavelength zone
becomes depleted because the dye takes advantage of the electric field
concentration and the amount of light absorbed increases. This is manifested
by an apparent increase in the dye absorption coefficient and in its associated
n(A) function which, in turn, provokes the decoupling of the resonant peak
position.

Figure 5. 15. a) Top view of Figure 5.14b). b) Representation of the electric field
along the BM for P (A=580nm in this case) with (red line) and without (blue line) dye
and for a wavelength corresponding to the bottom of the gap in the spectrum
(A=620nm, black line).

In particular, the comparison of the calculated extinction coefficients
determined for the BM and an equivalent single SiO; layer reveals an apparent
enhancement of extinction coefficient, of ca. 0.020 pm-1, that would correspond
to a variation of ca. 0.025 units in the value of n at a wavelength of P1. Herein,
we have estimated these values by just measuring the decoupling of the
resonant peak position using either the angular dependent effect (Section
5.3.1.b)) or the device with variable thickness (Section 5.3.1.c)).

Besides its fundamental interest to understand the optical behaviour of
infiltrated BM, the experiments reported in the previous sections and their
explanation above open a way to experimentally asses the inhomogeneous
distribution of electromagnetic fields in BM and other related Bragg mirror and
planar resonant structures. Selectively localized enhancements of electrical
fields have been systematically used for photovoltaic applications?4 where the
incorporation of resonant structures has been utilized to increase the photon
absorption capacity of the device by the selective confinement of light.
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In relation with the objectives of this thesis work focused on, optofluidic
sensing and applications, the results reported henceforth would open new
possibilities for applications. For example, these results are relevant for the
determination of the concentration of highly absorbent molecules following
the position of the resonant peaks. We also believe that pH determination
using dye indicators?526, formation of coloured molecular complexes??,
molecular recognition28-30 and other sensing applications might utilize the BM
decoupling principle described in the present work as an efficient transduction
mechanism for detection.
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The present chapter gathers and summarizes the main achievements and
conclusions of the work developed throughout the present thesis.

e In this thesis we have demonstrated the electron-beam fabrication of
PVD-OAD planar porous Bragg Microcavities (BM) consisting of
successive layers of two oxides (SiOz and TiO;) of different refractive
indices.

e A strategy consisting of azimuthally turning the substrate from one
layer to the next has been developed to minimize the light scattering
effects and to manufacture different microstructures with slanted,
zigzag, chiral and vertical nanocolumns.

e The high porosity of the BMs has enabled their integration as a part of a
microfluidic device where liquids fill and circulate through the void
space of these structures. This device permits the optical testing of
liquids filling the porous BM.

e We have demonstrated that, a structural feature associated with the
PVD-OAD growth, named as fence-bundling association of
nanocolumns, can be engineered to develop polarization active BMs
acting as wavelength retarders.

e We have demonstrated the liquid modulation of the retarder behaviour
of the BM as well as the possibility to use this device either to detect
the orientation of polarization plane of light or for the analysis of
liquids when integrated in microfluidic systems.

e BMs have been systematically used to analyse liquid solutions
following different optical features, namely by i) measuring the
position of the maximum; ii) monitoring the transmittance at a selected
wavelength and iii) by turning the photonic structure by a certain angle
to restore the maximum intensity of the resonance peak at its initial
wavelength. In addition, the variation of the optical activity with the
refractive index of the infiltrating liquid in the zig-zag BM has been also
confirmed.

e BMs incorporating thick optical defects have been infiltrated with
coloured liquids and an enhanced absorption has been found that has
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been attributed to electric field localization effects within the photonic
structure. This is manifested by an apparent increase in the dye
absorption coefficient and in its associated n(A) function which, in turn,
provokes the decoupling of the resonant peak positions.

The experimental results obtained through this thesis have been
successfully reproduced by simulation, thus confirming their validity.

The low volume of liquid required to fill the BMs is deemed a required
condition for the implementation of the developed technology into
complex microfluidic systems where it could provide a simple and
reliable method of analysis. In addition, it could be also employed to
develop switchable optofluidic components for switchable photonic
applications.
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7.1. Andlisis de liquidos con Microcavidades de Bragg
Optofluidicas.

En este primer apartado presentamos la fabricaciéon de Microcavidades de
Bragg (MB) planas y su posible uso como transductor para el andlisis de
liquidos. Las MB son estructuras foténicas sencillas que consisten en el
apilamiento sucesivo de capas de dos indices de refraccion distintos. En
nuestro caso, hemos fabricado las MB alternando capas de SiO; y TiO:
depositadas por evaporacion electrénica a angulo oblicuo (PVD-OAD)!5. Esta
configuraciéon geométrica da lugar al crecimiento de capas compuestas por
nanocolumnas inclinadas con alta porosidad y baja dispersién dptica.

En el desarrollo de este trabajo se han incorporado por primera vez capas
PVD-0AD como componentes microfluidicos planos sin incurrir en la aparicién
de efectos de dispersion de luz y permitiendo circular liquidos a través de ellas
con facilidad. Como resultado, se presenta que las MB planas se pueden usar de
forma eficiente como transductores optofluidicos para determinar las
concentraciones de disoluciones en liquidos o el analisis de mezclas liquidas. El
trabajo se completa con ejemplos de la respuesta de estos dispositivos en casos
practicos y simulando su comportamiento mediante un modelo convencional
de interferencia 6ptica.

La Figura 7.1 muestra micrografias de microscopia electrénica de barrido
(de sus siglas en inglés Scanning Electron Microscopy, SEM) de las MB
fabricadas para angulos de deposicién de 70° y 80° que consisten en 2
conjuntos de 7 capas apiladas de TiO; y SiO2 con una capa de SiO, de mayor
espesor entre ellas como se muestra en el esquema. Los espesores de las capas
de TiO2 y SiO2 rondan los 85 nm y el de la capa central, conocida como defecto
optico, los 200 nm. Las estructuras se depositaron mediante PVD-OAD a un
angulo cenital fijo de 70° y 80° para uno y otro caso girando los sustratos 90°
entre capa y capa. Esta rotacién azimutal es la responsable de la estructura
columnar quiral de estas capas y se llevé a cabo para disminuir la dispersion de
luz en las capas porosas.

Las ventajas de usar estos materiales y esta técnica para preparar las MB
residen en el contraste de indice de refracciéon que presentan las capas de SiO-
y TiO; preparadas por esta técnica (1.22/1.20 y 1.70/1.55 para SiO; y TiO;
preparados a 70° y 80° respectivamente?223) y su alto volumen de poros
(aproximadamente 49% y 60% para estos angulos de evaporacidon2z23). Estas
caracteristicas hacen que estos dispositivos dpticos resulten atractivos para un
rango amplio de aplicaciones optofluidicas.
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Figura 7.1. (Parte superior) micrograffas SEM de las MB preparadas a angulos de
evaporacién de 70° y 80°. El esquema muestra el orden de apilamiento de las capas
individuales que conforman la MB. (Parte inferior) Espectro de transmisiéon UV-visible
de las MB preparadas a 70° (izquierda) y 80° (derecha). Como comparacién, se afiaden
simulaciones de los espectros.

La respuesta dptica de las MB se midid en un espectrofotometro (Figura 7.1)
y presentan el comportamiento tipico de MB, con una banda extensa de
longitudes de onda prohibidas y una regiéon estrecha permitida en ella
conocida como pico resonante. Este pico resonante resulta de gran utilidad
para una medida directa de cambios en la respuesta 6ptica. En los espectros
ademas se observa que al concordar las medidas con las simulaciones se han
reproducido correctamente las MB.

Para poder infiltrar las MB con liquidos y analizar su respuesta éptica,
construimos un dispositivo microfluidico como se puede ver en la Figura 7.2.
Este consiste en colocar encima de nuestra MB otro sustrato de vidrio con dos
orificios conectados cada uno a un tubo y que permiten la entrada y salida de
liquidos. En la Figura 7.3 se muestran los espectros de la MB depositada a 70°
tras su infiltracion con distintos liquidos. El resultado, que se corrobor6
mediante las simulaciones que se incluyen en la figura, es un desplazamiento
del espectro a mayores longitudes de onda cuya magnitud esta directamente
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relacionada con el indice de refraccion del liquido. Esto se debe a que al
infiltrar la porosidad cambia el indice de refraccion efectivo de cada capa y por
tanto su respuesta Optica. Para facilitar la medida del desplazamiento, nos
centramos en medir las posiciones del pico resonante, que ofrece una
referencia clara y directa para medir. Este comportamiento posibilita el uso de

nuestro dispositivo microfluidico para identificar liquidos de distintos indices
de refraccion.

Figura 7.2. Esquema e imagen real del dispositivo microfluidico integrando la MB.
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Figure 7.11. Espectros de transmisién UV-visible experimentales (lineas continuas) y

simulados (lineas discontinuas) de la MB preparada a 70° infiltrada con: a) agua; b)
etanol; c) tolueno; d) clorobenceno.
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Partiendo de que nuestro dispositivo detecta variaciones de indice de
refraccion, se podria usar para determinar concentraciones de un soluto en
disolucién o medir mezclas de liquidos de distintos indices de refraccién. Por
ello, infiltramos disoluciones de cloruro sédico y de glucosa en nuestro
dispositivo y obtuvimos que el desplazamiento del pico resonante depende
linealmente de la concentracién como puede verse en la Figura 7.4. Estas
lineas pueden servir como curvas de calibracidn para cloruro sédico y glucosa

en este dispositivo en particular.
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Figure 7.4. (Izquierda) Espectros de transmisiéon UV-visible centrados en el pico
resonante de una BM depositada a 70° infiltrada con agua y con una serie de
concentraciones de cloruro sédico y glucosa. (Derecha) Representacién de la posicion

566

564 -

562 -

560

558 -

556

NacCl

580

00 10 20

C (mol/l)

575+

570+

565

560

555+

Glucose

0.0

1.0 2.0 3.0

C (mol/l)

del pico resonante con respecto a la concentracién para las disoluciones anteriores.

Como seguir el desplazamiento

medida que permite soslayar su uso basandose en las propiedades de las MB.
Un comportamiento conocido de las MB es el desplazamiento de su espectro a
menores longitudes de onda cuando se gira con respecto a la direccién del haz
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de luz incidente. Ya que al infiltrarlo con un liquido el pico se desplaza a
mayores longitudes de onda, nuestra propuesta consiste en balancear ese
efecto girando el dispositivo para devolver el pico resonante a su posicion
inicial. Asi, con un led sintonizado a la longitud de onda del pico resonante, un
detector de intensidad y un goniometro podriamos determinar la
concentracion de una disolucion desconocida a partir de una calibracion
previa. En la Figura 7.5 se aprecia cdmo se relaciona la concentracion de
disoluciones de cloruro sédico y glucosa con el angulo girado para restaurar el
maximo de intensidad y aunque no tiene una relacion lineal, si presenta una
buena dependencia que nos permite usarla como curva de calibrado.
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Figura 7.5. (Parte superior) Esquema de la variacién de la posicién del pico resonante
de una MB cuando se llena con agua y el balanceo del efecto cuando se gira el
dispositivo un angulo determinado con respecto a la luz incidente. (Parte de abajo)
Correlacién entre los angulos girados de la MB y la concentracion de cloruro sédico y
glucosa de acuerdo al procedimiento descrito en el esquema.
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Los mismos conceptos analiticos basados en el desplazamiento del pico
resonante y en el giro de la MB se probaron también con mezclas de agua
(n=1,33) y glicerol (n=1,42) y con liquidos de la vida cotidiana como refrescos
y aceites obteniéndose un comportamiento analogo al de las disoluciones
presentadas.

7.2. Modulacion Optofluidica de wunidades nanoestructurales
autoasociadas formando microcavidades de Bragg planas.

En esta seccion se presenta la fabricacion de MB mediante PVD-OAD con
distintas microestructuras y se realiza un estudio estructural detallado de cada
morfologia. Ademas, se estudia en profundidad el comportamiento éptico de
estas capas y se establece una relacidn entre las caracteristicas estructurales y
las propiedades 6pticas de las distintas construcciones. Se completa el estudio
con la caracterizacién y analisis de la respuesta optofluidica de las MB.

En el trabajo, se muestra por primera vez la fabricacién de MB 6pticamente
activas de dos oxidos distintos mediante PVD-OAD que se comportan como
retardadores 6pticos dependientes de la longitud de onda. Debido a la
porosidad de estas MB, se muestra que al infiltrarlas con liquidos su actividad
oOptica se puede sintonizar de forma metddica ajustando el indice de refraccion
del liquido infiltrado. El estudio se completd identificando las caracteristicas
nanoestructurales responsables de la actividad o6ptica de estas MB y
reproduciendo mediante simulacién su comportamiento polarizador. Con este
fin, se desarrollé6 un modelo 6ptico simple donde cada capa de la MB presenta
un caracter birrefringente que depende del indice de refracciéon del liquido
infiltrado.

Tanto la composicién como la configuracién de espesores de las MB, son
iguales que en el apartado anterior para el angulo de deposicién 70° variando
s6lo la morfologia. En la Figura 7.6 se presentan las 4 microestructuras que
hemos conferido a las MB. Estas microestructuras se consiguieron
manteniendo el sustrato en la misma posiciéon durante el proceso completo de
deposicidon en el caso de la microestructura inclinada, girando el sustrato
acimutalmente entre capa y capa para las microestructuras en zigzag (180°) y
quiral (90° como en el apartado anterior) y continuamente (40 rpm) en el caso
vertical.
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Figura 7.6. i-iv) Micrografias SEM de las 4 microestructuras de MB de seccién
transversal (izquierda) y vista superficial (derecha) en dos escalas con zum en el
recuadro superior izquierdo. El otro recuadro corresponde a la transformada de
Fourier de la micrografia ampliada. Los esquemas de la derecha representan la
configuracién geométrica ideal de las distintas capas que conforman las MB.

En la Figura 7.7 se muestran los espectros de transmitancia éptica de las
cuatro construcciones. Sorprendentemente las dos primeras microestructuras
tienen caracter birrefringente mientras que las otras dos son practicamente
insensibles a cambios en la polarizacién. Gracias a un analisis combinado en
nuestras MB de micrografia SEM y haz de iones focalizados (de sus siglas en
inglés Focused lon Beam, FIB) hemos conseguido identificar la asociacion
lateral de columnas, un fenémeno conocido como apilamiento3!32 (del inglés

141



Chapter 7

bundling), como la caracteristica critica que determina la presencia de
birrefringencia en las microestructuras inclinada y zigzag. En concordancia con
este resultado, las microestructuras quiral y vertical que carecen de este
apilamiento debido a sus condiciones especiales de crecimiento, no presentan
cambios apreciables al ser interrogadas con luz polarizada.
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Figure 7.7. Espectro de transmision 6ptica en torno al pico resonante para las MB a)
inclinada, b) zigzag, c) vertical y d) quiral. El &ngulo ¢ representa el angulo que forma
el plano de polarizaciéon de la luz con respecto a la direccién perpendicular al flujo de
material durante el crecimiento (linea roja en la Figura 7.6.)

Debido a la presencia de este apilamiento lateral de nanocolumnas, las
microestructuras inclinada y zigzag se comportan como retardadores 6pticos o
ldminas cuarto de onda3s. Con el objeto de investigar el caracter retardador de
la MB zigzag, en la parte inferior de la Figura 7.8 se puede observar su
respuesta Optica cuando se orienta formando 45° con respecto al eje de
polarizacién de la luz entre polarizadores cruzados y alineados. La luz
transmitida en este caso reproduce aproximadamente la forma del espectro de
la MB y muestra el caracter retardador de la construccién zigzag.
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Figura 7.8. Sintonizacién optofluidica del caracter retardador de la MB zigzag.
Espectros de transmitancia 6ptica registrados con la muestra girada 45° con respecto

al eje de polarizaciéon de la luz y situada entre
discontinuas) y alineados (lineas discontinuas).

polarizadores cruzados (lineas

El siguiente paso consistié en estudiar la respuesta optofluidica de la MB
zigzag. Para ello la encapsulamos en un dispositivo como el de la Figura 7.2 y
estudiamos su respuesta 6ptica con luz polarizada infiltrandola con distintos
disolventes. La Figura 7.9 muestra como al llenarse los poros, ademas del
desplazamiento a mayores longitudes de onda descrito en el apartado anterior,
el caracter birrefringente se atenda y los picos resonantes de las distintas
polarizaciones se acercan. El valor del decrecimiento de la birrefringencia esta
directamente ligado al indice de refraccidn del liquido infiltrado.
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Figura 7.9. Espectros de transmisién dptica de la sintonizacién optofluidica del
comportamiento birrefringente de la MB zigzag registrados con luz polarizada y no
polarizada. En cada caso se infiltré con: a) aire, b) agua, c) etanol y d) tolueno.

En la parte superior de la Figura 7.8 se verifica que el caracter retardador de
la MB se puede sintonizar mediante la infiltracién de liquidos y al igual que en
el caso de la birrefringencia, disminuye al aumentar el indice de refraccion del
liquido infiltrado. Como muestra la figura, al disminuir el caracter retardador
de la MB, la transmitancia tras polarizadores cruzados disminuye y tras
alineados aumenta de forma proporcional.

El comportamiento descrito de las MB se simulé usando un modelo éptico
sencillo que tenia en cuenta la porosidad y los cambios de indice de refraccion
debidos al llenado con liquidos, con lo que corroboramos tedéricamente
nuestras hipodtesis experimentales.
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7.3. Analisis Optofluidico con Microcavidades de Bragg
épticamente activas preparadas por Deposiciéon a Angulo Oblicuo.

Una vez desentrafiado el comportamiento optofluidico de las MB
nanoestructuradas, hemos aplicado este conocimiento para realizar andlisis de
liquidos. Como la respuesta de nuestras MB depende del indice de refracciéon
del liquido infiltrado, a través de él hemos propuesto tres métodos distintos de
analisis usando concentraciones de glucosa.

En esta seccidn, se han usado tres métodos para analizar nuestras MB con
concentraciones de glucosa extrayendo de cada uno de ellos una curva de
calibracion que se pueda usar para el analisis de liquidos. Hemos comparado la
respuesta optofluidica de la microestructura quiral y la zigzag estableciendo
dos procedimientos de medida a partir del desplazamiento a mayores
longitudes de onda que se produce al infiltrar, y un tercero aprovechando la
modificacion de la actividad 6ptica de la MB zigzag.

Para este estudio hemos usado dos MB porosas, una con estructura quiral
(Figuras 7.1y 7.6 iv)) y otra con estructura zigzag (Figura 7.6 ii)) fabricadas
por PVD-OAD y con la misma distribucién de espesores que en los apartados
anteriores. Para posibilitar su infiltracién y manejo encapsulamos ambas en un
dispositivo microfluidico como el de la Figura 7.2.

En primer lugar nos vamos a centrar en explotar las posibilidades analiticas
de las MB a partir de su espectro de transmitancia dptica. Como veiamos en las
Figuras 7.3, 7.4 y 7.9, al infiltrar estas MB porosas, el espectro se desplaza
hacia mayores longitudes de onda, efecto que se puede rastrear facilmente
siguiendo la posicion del pico resonante. En el caso de la MB zigzag,
seguiremos los picos resonantes que aparecen para cada polarizacién (Figura
7.7), que al acercarse uno a otro como se ve en la Figura 7.9, daran respuestas
Opticas distintas. La Figura 7.10 muestra las posiciones de los picos
resonantes de la MB quiral y de la zigzag para las dos polarizaciones frente a
distintas concentraciones de glucosa. Como ya se coment6 en la Figura 7.4, el
desplazamiento de los picos presenta una dependencia lineal con Ila
concentracion de glucosa debido a su relaciéon con el indice de refraccion.
Mediante este método se aprecia que el dispositivo con la BM quiral es el que
presenta mayor sensibilidad, definida ésta como la pendiente de la recta.
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glucosa para la MB quiral y la zigzag para las dos polarizaciones. b) Lo mismo para
bajas concentraciones (el eje azul corresponde a la MB zigzag para $=0°).

Otro método para medir variaciones en el espectro de transmitancia al
infiltrar consiste en medir el cambio en transmitancia en una longitud de onda
fija, en concreto en la posicién del pico resonante. De esta forma se saca
partido de la forma escarpada del pico resonante al desplazarse el espectro. La
Figura 7.11 recoge los cambios en transmitancia en la posicién del pico
resonante para las MB quiral y zigzag. En el caso de la MB zigzag con luz
polarizada en la direccion del apilamiento ($=0°), hemos tomado como
referencia la longitud de onda del pico de la otra polarizacion ($=90°) como se
muestra en la Figura 7.11 a). Asi, nos hemos situado mediante una referencia
intrinseca del espectro en la zona de mayor cambio de la transmitancia al
encontrarse en la “ladera” del pico resonante. En la Figura 7.11 b) vemos
como, gracias a este cambio de referencia, un pequeino desplazamiento en
longitudes de onda supone un desplazamiento considerable en transmitancia.
En las Figuras 7.11 c) y d) se presentan los valores de variaciones en
transmitancia con respecto a la concentraciéon de glucosa. La MB quiral
muestra ligeramente mas sensibilidad que la zigzag en sus dos polarizaciones.
Sin embargo, al analizar bajas concentraciones, la MB zigzag para $=0° tiene la
mayor sensibilidad gracias a la estrategia seguida para colocarnos en su zona
de mayor variacion.
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Figura 7.11. Espectro de transmitancia 6ptica de la MB zigzag con agua a) y con una
concentracion de glucosa 1M para explicar la metodologia de medida b). c) Diferencia
en transmitancia con respecto al pico resonante en funcién de la concentraciéon para la
MB quiral y la zigzag con las dos polarizaciones. d) Igual que c) para bajas
concentraciones (el eje azul corresponde a la MB zigzag para $=0°).

El ultimo método propuesto se basa en la sintonizacién de la actividad 6ptica
descrita en el apartado anterior por lo que el andlisis s6lo se ha realizado con la
MB zigzag. Para ello hemos infiltrado y medido la MB zigzag entre
polarizadores cruzados y alineados como se muestra en la Figura 7.12. La
cuantificaciéon de este efecto la hemos hecho a través del cociente entre la
cantidad de luz transmitida para polarizadores alineados y cruzados como se
puede ver en c) y d). El valor de este cociente frente a la concentracion de
glucosa describe una curva de calibrado que puede usarse con fines analiticos.
Una ventaja de este método reside en que al tratarse de un cociente de
intensidades, se evitan desviaciones por posibles inestabilidades de la lampara.
Ademas podriamos obviar el uso del espectrofotémetro sustituyéndolo por un
fotodiodo.
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Figura 7.12. Espectro de transmitancia dptica de la MB zigzag alrededor del pico
resonante. La muestra estaba girada acimutalmente 45° y se midié en configuracion de
polarizadores alineados a) y cruzados b). c) Cociente entre la intensidad de luz
transmitida en configuracién de polarizadores alineados con respecto a cruzados
frente a la concentracion de glucosa. d) Igual que c) para bajas concentraciones.
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7.4. Absorcion colosal anomala de colorantes infiltrados en
Microcavidades de Bragg Planas.

En las secciones anteriores se ha mostrado la utilidad de las MB porosas
como transductores para el andlisis de liquidos no coloreados. En esta seccion
vamos a extender el concepto y analizar liquidos coloreados que presenten un
coeficiente de extincion alto para ver su efecto en las MB.

Dado que los colorantes presentan absorcion dentro de un intervalo concreto
de longitudes de onda, hemos usado MBs con un defecto éptico mayor que los
de las secciones anteriores con el fin de obtener mas de un pico resonante en la
banda de transmision prohibida. De esta forma, se ha usado la distancia entre
los picos resonantes para analizar la absorcién situando uno de ellos en la zona
de absorcion y el otro fuera como referencia. Ademas del esperado incremento
del indice de refraccion debido a la absorcion del colorante?, hemos
encontrado efectos resonantes que involucran tanto al colorante como a la
estructura fotonica y que dan lugar a una absorcidn exaltada que se manifiesta
mediante un coeficiente de absorcion colosal aparente.

En este analisis hemos usado dos MB porosas fabricadas por PVD-OAD, una
con estructura zigzag y otra con estructura inclinada como ya se mostro en la
Figura 7.6. La MB inclinada se creci6 en un sustrato de mayor tamafio y a una
distancia mas cercana a la fuente de deposicion con la finalidad de obtener un
gradiente de espesor en la muestra. Este gradiente de espesor se traduce en
una variacion de la posicion del espectro de la MB hacia mayores longitudes de
onda en el sentido del aumento de espesor de la capa. En esta ocasion, los dos
apilamientos de 7 capas tienen la misma distribucién de espesores que en los
apartados anteriores sin embargo, el defecto 6ptico se fabric6 de mayor
espesor (~1pm) dando lugar a la aparicion de dos picos resonantes en la banda
prohibida de transmitancia. La Figura 7.13 muestra micrografias SEM de estas
construcciones asi como la respuesta 6ptica de la MB zigzag con luz polarizada.
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Figura 7.13 a) y b) Micrografias SEM de las MBs zigzag e inclinada. c) Espectro de

transmision éptica de la MB zigzag con luz polarizada. d) Igual que c) pero infiltrada
con etanol.

Para poder analizarlas con liquidos, encapsulamos las MBs en los dos tipos de
dispositivos microfluidicos que se pueden ver en la Figura 7.14. El tipo 1, es
como el usado en los casos anteriores (Figura 7.2.), y el tipo 2 es una cubeta de
125 pm de espesor que implementa la MB en una de sus caras.
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Figura 7.164. Esquemas y fotografias de los dispositivos microfluidicos tipo 1 y tipo 2
con la MB incorporada. Nota: el esquema no estd a escala real.

En primer lugar, infiltramos la MB zigzag con disoluciones de distintas
concentraciones de Rhodamina B (RhB) en etanol como se muestra en la
Figura 7.15. Siguiendo las posiciones de los tres picos resonantes que
aparecen en los espectros, vemos que P4, que coincide con la zona de absorcién
de la RhB, presenta un desplazamiento anémalo con respecto a los que
muestran los dos otros picos Pz y P3 (Figura 7.15 d)) cuando se aumenta la
concentracion. Este desplazamiento andémalo indica un incremento del indice
de refracciéon del liquido infiltrado en esta zona del espectro y podra
caracterizarse usando como referencia interna la posicion de otro pico
resonante del espectro fuera de la zona de absorcion del colorante, P, o P3 en
este caso.
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Figura 7.15. a) Espectros de reflectancia 6ptica de la MB zigzag infiltrada con etanol y
concentraciones crecientes de RhB en etanol. b) Detalle ampliado de a) alrededor de
P1. ¢) Espectro de transmitancia optica de disoluciones de RhB en etanol. d)
Variaciones en la posicidn de los picos resonantes con respecto a la concentracién de
las disoluciones.

Para tener una informacién mas detallada de este efecto, hemos recurrido a la
respuesta angular de las MB (seccion 7.1) que permite barrer la zona de
absorcion del colorante con uno de los picos resonantes, como se presenta en
la Figura 7.16. En este caso se han usado distintas concentraciones de
Rhodamina 101 (Rh101) para tener la absorciéon localizada en las
inmediaciones de uno de los picos resonantes y se ha hecho un barrido angular
para cada caso con un dispositivo tipo 1. En las Figuras 7.16 a) y b) se puede
apreciar una caida en la intensidad del pico resonante de la izquierda al pasar
por la zona de absorcidn del colorante. La figura c) muestra la diferencia de la
posicién de un pico resonante con respecto al otro y, mientras que para el caso
del etanol la curva es mondtona decreciente, conforme aumenta la
concentracion de colorante se produce una oscilacion en la curva que sigue las
variaciones del indice de refracciéon debida a la absorcién en cada caso.
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Figura 7.16 a) Espectros de transmisidon optica registrados para la MB zigzag con
respecto al angulo de incidencia de la luz para una concentracién de Rh101 de 10-3 M.
b) Analogo a a) pero para Rh101 de 5-10-4 M. c) Representacion de P2-P; para los casos
estudiados. d) Espectro de transmision 6ptica para disoluciones de Rh101 analizadas.

Otra forma de analizar el efecto del colorante consisti6 en usar la MB
inclinada que, gracias a su gradiente de crecimiento, nos proporciona una
posicion de su espectro distinta en cada punto. De esta forma, un
desplazamiento lateral en la posicién de la muestra nos proporcion6é un
barrido con un pico resonante sobre la regiéon con el colorante. Encapsulamos
esta MB en un dispositivo tipo 2 y realizamos su analisis tanto en transmitancia
(omitida en este resumen) como en reflectancia, asegurandonos asi de medir
Unicamente el colorante dentro de la estructura fotdénica. La figura 7.17
muestra los espectros de reflectancia de la MB inclinada para un barrido de
posiciones y distintas concentraciones de Rh101. La figura d) muestra como la
diferencia entre las posiciones de los picos resonantes sigue reproduciendo la
oscilacién en los indices de refraccion detectada en el andlisis angular con la
MB zigzag.

Los resultados obtenidos mediante los dos métodos se simularon mediante el
programa WVASE y se obtuvo que para justificar los desplazamientos de los
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picos resonantes, la absorcion del colorante tiene que verse exaltada dentro de
la MB. Este efecto, que matematicamente se reproduce como un aumento del
coeficiente de absorcién («), se atribute a que la concentracién del campo
eléctrico de la luz que se produce en la estructura foténica,8 provoca una mayor
absorcidn por parte del colorante. El comportamiento del campo eléctrico en el
interior de nuestras MB se simul6 con el programa Filmstar y se obtuvo que,
para las longitudes de onda del pico resonante, se produce una concentracion
del campo eléctrico que corrobora nuestra hipotesis experimental.
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Figura 5.7. a)-c) Espectros de reflectancia éptica para varias posiciones de la MB
inclinada. Cada figura corresponde a una concentracién distinta de Rh101 como se
indica en cada caso. En b) y c) se presentan ademas los espectros de transmitancia de
las concentraciones de Rh101 analizadas medidas en una cubeta de 125 pm. d)
Representacion de P2-P1 frente P; para las concentraciones de Rh101 estudiadas.
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7.5. Conclusiones.

A continuacién se enumeran y resumen los logros y conclusiones obtenidos a
partir del trabajo desarrollado durante la tesis.

o En esta tesis se han fabricado Microcavidades de Bragg (MB) planares a
angulo de deposicién oblicuo (PVD-OAD) mediante evaporacion
electronica, consistentes en el apilamiento sucesivo de capas de dos
oxidos (SiO2 y TiO2) con indices de refraccion diferentes.

e C(Con el objetivo de minimizar la dispersién de luz y de fabricar
diferentes microestructuras (inclinadas, zigzag, quirales y verticales), se
ha desarrollado una estrategia consistente en girar el sustrato
azimutalmente.

e Laalta porosidad de las MBs ha permitido su integracién como parte de
un dispositivo microfluidico en el que los liquidos se infiltran y circulan
a través de la porosidad de estas estructuras. Ademas, este dispositivo
permite el analisis dptico de los liquidos infiltrados en la MB.

e Se ha demostrado que una de las caracteristicas estructurales
asociadas al crecimiento PVD-OAD, el apilamiento lateral de
nanocolumnas, puede ser modificada para desarrollar MB épticamente
activas que actien como retardadores 6pticos.

e Se ha modulado el caracter retardador de las MB mediante la
infiltracién de liquidos y se ha verificado el posible uso de este
dispositivo tanto como para detector la orientacién del plano de
polarizacién de la luz como para el analisis de liquidos integrado en un
sistema microfluidico.

e Las MBs se han usado para analizar disoluciones de liquidos siguiendo
caracteristicas opticas diferentes como son i) medir la posicién del pico
resonante; ii) medir la transmitancia a una longitud de onda concreta y
iii) inclinando la estructura fotdnica cierto angulo con respecto a la luz
incidente para devolver el maximo de intensidad del pico resonante a
su longitud de onda inicial. Ademas, se ha confirmado la variacién de la
actividad oOptica con el indice de refraccion del liquido infiltrado en la
MB zigzag.
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Se han infiltrado MBs de defectos &pticos grandes con liquidos
coloreados y se ha encontrado una absorcién exaltada que se atribuye a
efectos de localizaciéon de campo eléctrico en la estructura fotdnica.
Esto se manifiesta mediante un incremento aparente del coeficiente de
extincién del colorante y en su n(A) asociado, el cual a su vez provoca
un desacoplamiento de las posiciones de los picos resonantes.

Se ha confirmado la validez de los resultados experimentales obtenidos
durante el desarrollo de la tesis reproduciéndolos mediante
simulaciones.

El pequefio volumen necesario para infiltrar la MB avala la
implementacion de la tecnologia desarrollada en un sistema
microfluidico complejo donde podra aportar un método de analisis
simple y fiable. De la misma forma, podrian usarse como componentes
optofluidicos reconfigurables en aplicaciones fotdnicas.
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“Hasta el final seguiré siendo, simplemente, Michael Faraday.”
“Plain Mr Faraday to the end.”

— Michael Faraday









