UNIVERSITAT ROVIRA 1| VIRGILI

NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC
STRUCTURES FOR OPTICAL BIOSENSING

Francisco Bert6 Rosello

ADVERTIMENT. L'accés als continguts d'aquesta tesi doctoral i la seva utilitzacié ha de respectar els drets
de la persona autora. Pot ser utilitzada per a consulta o estudi personal, aixi com en activitats o materials
d'investigaci6 i docéncia en els termes establerts a 'art. 32 del Text Refds de la Llei de Propietat Intel-lectual
(RDL 1/1996). Per altres utilitzacions es requereix l'autoritzacié prévia i expressa de la persona autora. En
qualsevol cas, en la utilitzacié dels seus continguts caldra indicar de forma clara el nom i cognoms de la
persona autora i el titol de la tesi doctoral. No s'autoritza la seva reproduccio o altres formes d'explotacio
efectuades amb finalitats de lucre ni la seva comunicacio publica des d'un lloc alié al servei TDX. Tampoc
s'autoritza la presentacio del seu contingut en una finestra o marc alié a TDX (framing). Aquesta reserva de
drets afecta tant als continguts de la tesi com als seus resums i indexs.

ADVERTENCIA. El acceso a los contenidos de esta tesis doctoral y su utilizacion debe respetar los
derechos de la persona autora. Puede ser utilizada para consulta o estudio personal, asi como en
actividades o materiales de investigacion y docencia en los términos establecidos en el art. 32 del Texto
Refundido de la Ley de Propiedad Intelectual (RDL 1/1996). Para otros usos se requiere la autorizacion
previa y expresa de la persona autora. En cualquier caso, en la utilizacion de sus contenidos se debera
indicar de forma clara el nombre y apellidos de la persona autora y el titulo de la tesis doctoral. No se
autoriza su reproduccion u otras formas de explotacion efectuadas con fines lucrativos ni su comunicacion
publica desde un sitio ajeno al servicio TDR. Tampoco se autoriza la presentacion de su contenido en una
ventana o marco ajeno a TDR (framing). Esta reserva de derechos afecta tanto al contenido de la tesis como
a sus resumenes e indices.

WARNING. Access to the contents of this doctoral thesis and its use must respect the rights of the author. It
can be used for reference or private study, as well as research and learning activities or materials in the
terms established by the 32nd article of the Spanish Consolidated Copyright Act (RDL 1/1996). Express and
previous authorization of the author is required for any other uses. In any case, when using its content, full
name of the author and title of the thesis must be clearly indicated. Reproduction or other forms of for profit
use or public communication from outside TDX service is not allowed. Presentation of its content in a window
or frame external to TDX (framing) is not authorized either. These rights affect both the content of the thesis
and its abstracts and indexes.




NUMERICAL MODELLING OF NANOPOROUS
ANODIC ALUMINA PHOTONIC STRUCTURES
FOR OPTICAL BIOSENSING

FRANCISCO BERTO-ROSELLO

DOCTORAL THESIS
2018



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

FRANCISCO BERTO-ROSELLO

NUMERICAL MODELLING OF NANOPOROUS
ANODIC ALUMINA PHOTONIC STRUCTURES FOR
OPTICAL BIOSENSING

Doctoral Thesis

Supervised by Dr. Josep Ferré-Borrull

Department of Electric, Electronic and Automatic Control Engineering

UNIVERSITAT ROVIRA i VIRGILI

Tarragona

2018



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

UNIVERSITAT
7" ROVIRA | VIRGILI

Departament d’Enginyeria Electronica, Electrica i Automatica
Escola Tecnica Superior D’Enginyeria

Campus Sescelades

Avinguda dels Paisos Catalans, 26

43007 Tarragona

Tel. 977 55 96 10

Fax 977 55 96 05

[ STATE that the present study, entitled “NUMERICAL MODELLING OF NANOPOROUS
ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING”,
presented by Francisco Berto-Rosell for the award of the degree of Doctor, has
been carried out under my supervision at the Department of Electronic, Electric and
Automatic Control Engineering of this university.

Tarragona, 31" August 2018.

Doctoral Thesis Supervisor

Dr. Josep Ferré-Borrull



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

Acknowledgements

First of all, I would like to express my sincere thanks to my supervisor Dr. Josep
Ferré-Borrull for giving me incalculable support with my doctorate. His valuable
advice, constructive criticism, patience and understanding helped me throughout this

research period. I feel fortunate to have worked with him.

I would like to give special thanks to Dr. Lluis Marsal for the opportunity to work
in the Nanoelectronic and photonic group systems (NePhoS), as well as his valuable
comments and suggestions. I also really appreciate very much having been able to

work with him.

I would like to acknowledge all the members of the NePhoS group (former and
current) at the University Rovira i Virgili for their welcome, help and support, and,
of course for the good times with all of them. Apologies in advance in case I leave
someone. Thanks to Pili, José, Karen, Laura, Pilar, Aurelien, Francois,Caterina, Sara,
Jakub, Elisabet, Maria, Chris, Magali, Angel, Carlos, Mari Carmen and Pankaj.

I would like to express immense gratitude to the members of my family. To my
parents, Francisco and Amparo who have always been an example of hard work and
a lifetime of support, as well as my sister Amparo who has always been a support.
Special thanks to my in-laws, Salvador and Ramona because they have always been by

my side.

Finally, I want to express my greatest gratitude to my wife, for her patience and
confidence. Thank you for sharing your life with Aina, Martina and with me. This

thesis is dedicated to you.



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

Table of contents

List of figures XV
List of tables xix
List of contributions xxi
1 Introduction 1

1.1 General Remarks . . . . . . . .

1.2 Objectives . . . . . . . . 2
1.3 Structure of this Ph. D. Thesis . . . . . . .. ... ... ... ..... 3

2 State of the Art 5
2.1 Nanoporous anodic alumina basics . . . . . .. ... ... ... .... )
2.1.1 Types of anodic aluminium oxide . . . . . . . . . ... ... .. 6

2.1.2  Self-ordered nanoporous anodic alumina . . . . . . ... .. .. 7

2.1.3  Pore morphology of nanoporous anodic alumina . . . . . . . .. 11

2.2 Optical properties of nanoporous anodic alumina . . . . . . . . .. .. 18
2.3 Simulation of the optical properties of NAA . . . . . . ... ... ... 24

3 Numerical methods for photonic structures based on NAA 27

3.1 Modelling the NAA as a mixture of materials: effective medium approx-

imation . . . . .. oL 28
3.1.1 Maxwell-Garnet EMA . . . . . ... ... L. 29
3.1.2 Bruggeman EMA . . . ... ... 30
3.1.3 Lorentz-Lorentz EMA . . . . .. .. ... ... ... ...... 30
3.1.4 Looyenga-Landau-Lifshitz EMA . . . . ... ... ... ..... 30
3.2 Transfer Matrix Method . . . . . . .. . ... ... ... .. ...... 31

3.3 Finite Differences in the Time Domain Method . . . . . . . . . . . .. 34



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

xii | Table of contents

3.3.1 The Yee procedure for a finite differences system equations equiv-

alent to Maxwell’s . . . ... ... ... ... ... ... ... 35

3.3.2  The stability criterion . . . . . ... ..o 38

3.3.3 The boundary conditions . . . . . . . ... ... 39

3.4 Other numerical methods . . . . . . .. ... ... ... 0L 40
3.4.1 The rigorous coupled wave analysis . . . . . ... .. ... ... 40

3.4.2 The finite element method . . . . . . . .. ... ... ... ... 41

4 Analysis and modelling of the optical behaviour of the NAA 43
4.1 Introduction . . . . . . . .. .. 43
4.2 Fabrication and characterization of the NAA samples . . . . . ... .. 46
4.3 Design and numerical modelling . . . . . .. .. ... ... ... ... 48

4.3.1 Effective medium approximation with TMM and limitations to

the approach. . . . . . . . ... 48
4.3.2 FDTD modelling . . . . . . ... .. ... ... 50
4.4 Conclusions . . . . . . . .. L 60

5 Theoretical study of the optical behaviour of gold-coated NAA for

optical biosensing 63
5.1 Introduction to plasmonic structures . . . . . . . ... ... ... ... 63
5.1.1 Nanoporous plasmonic structures . . . . . ... ... ... ... 65

5.1.2 Nanoporous anodic alumina as a substrate for plasmonic structures 67

5.2  Description of the simulated structures . . . . . ... ... ... .... 68

5.3 Numerical modelling with FDTD and computational details . . . . . . 72

5.4  Study of the LSPR excitation on gold-coated NAA . . . . . ... ... 73
5.4.1 Influence of the gold-coated NAAM thickness on the LSPR

excitation . . . ... oL 75

5.5 Study of LSPR sensing with gold-coated NAAM . . . ... ... ... 76
5.5.1 Optimization of the sensitivity as a function of the gold thin film

thickness . . . . . . .. 78

5.6 Conclusions . . . . . . . .. Lo 81

6 Analysis and modelling of the optical response of NA A-based graded-

index structures 85
6.1 Introduction . . . . . . . . . 86
6.2 Fabrication and characterization of the NAA-RF samples . . . . . . .. 88

6.3 Design and numerical modelling . . . . . . ... ... .00 91



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

Table of contents | xiii

6.4 Study of the NAA-RF reflectance spectra and its relationship with the
fabrication parameters . . . . . .. ... 93

6.4.1 Influence of the pore modulation amplitude on the reflectance

spectrum . ... oL L. e 96

6.5 Study of sensing with NAA-RFs . . . .. ... ... ... ... .... 96
6.5.1 Influence of the pore diameter and the pore modulation amplitude

on the sensitivity . . . . . .. ... oo 99

6.6 Alternative NAA-RF sensing with a narrowband emission light source . 99

6.7 Conclusions . . . . . . . .. 104

7 Summary and conclusions 107

References 113



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING

Francisco Bertd Roselld

List of figures

2.1
2.2
2.3
24

2.5
2.6
2.7
2.8
2.9

2.10

3.1

3.2
3.3
3.4
3.5
3.6

4.1

4.2

4.3
4.4

Schematic view of the electrochemical cell for anodizing. . . . . . . ..
Schematic view of the two types of anodic aluminium oxide. . . . . . .
Schematic view of the two-step anodizing process. . . . . . . . . . . ..
NAA SEM top view images of the phases of the two-step anodizing

PrOCESS. . v v v i e e e e e e
Schematic pore morphology of NAA. . . . . . ... .. ... .. ....
Schematic NAA pore structure with pulse anodization. . . . . . .. ..
Schematic NAA pore structure with cyclic anodization. . . . . . . . . .
Schematic dual layer structure of the pore walls of NAA. . . . . . . ..
Schematic cross section of the onion-like layer structure of the pore walls

of NAA. © . .
Schematic view of the Kretschmann configuration for surface plamon

excitation . . . . . . .o e

Schematic of NAA pore structure modeled with an effective medium

Schematic view of a multi-layered system. . . . . . .. ... ... ...
Schematic concept view of the FDTD computational domain . . . . . .
Schematic view of the 3D Yeecell. . . . . . ... .. ... ... ....
Schematic concept view of the RCWA computational domain . . . . . .

Schematic concept view of the FEM meshing . . . . . . ... ... ...

Top view SEM images of the NAA structures produced with different
acid electrolyte. . . . . . . ..o
Measured reflectance spectra of NAA samples . . . . .. ... ... ..
Schematic view of the EMA model. . . . . . . .. ... ... ... ...
Plot of the measured and the calculated reflectance spectrum using
EMA model with TMM. . . . . . . ... .. ... ... ... .. ....



UNIVERSITAT ROVIRA I VIRGILI

NUMERICAL MODELLING OF
Francisco Bertd Roselld

NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING

xvi | List of figures

4.5 Schematic view of the FDTD computational domain . . . . . . . . . .. 50
4.6 Schematic planar view of the FDTD unit cell. . . . . . . ... ... .. 52
4.7 Schematic draw of the different geometrical models. . . . . . . . . . .. 52
4.8 Plot of the calculated reflectance spectrum and the averaged spectra

using the procedure to take into account the non-periodicity of the pores

in the FDTD simulations for NAA structures with long interpore distances. 53
4.9 Plot of the measured and the calculated reflectance spectrum using

FDTD considering the flat interfaces. . . . . . . . ... ... ... ... 54
4.10 Comparison of the measured and the calculated reflectance spectra by

means of EMA and FDTD considering the flat interfaces . . . . . . . . 55
4.11 Comparison of the measured and the calculated reflectance spectra by

means of FDTD considering flat interfaces and the texturized interfaces 56
4.12 Comparison of the measured and the calculated reflectance spectra by

means of FDTD considering the texturized interfaces and the anionic

layer model . . . . . ..o 58
4.13 Comparison of the measured and the calculated reflectance spectra by

means of FDTD considering the anionic layer model, with and without

absorption . . . . . ... 59
5.1 Schematic view of the Kretschmann and Otto configurations for surface

plamon excitation . . . . . . ... 64
5.2 Schematic view of the most commonly mechanism to optically excite

the LSPs . . . . . . . . 65
5.3 Schematic view of the grating mechanism to optically excite the LSPs . 66
5.4  Schematic view of the chemical or biological binding analytes . . . . . . 67
5.5 Schematic view of the geometric model of the NAA membrane . . . . . 69
5.6 Schematic view of the geometric model of the NAA membrane with the

gold coating layer . . . . . . . . ..o 70
5.7 Schematic view of the structures simulated for comparison . . . . . . . 70
5.8 Schematic view of the geometric model of the NAA membrane with the

gold coating layer and the biolayer . . . . . .. .. ... ... ... .. 71
5.9 Schematics of computational domain in FDTD . . . . . ... ... ... 73
5.10 Calculated reflectance spectra of gold-coated NAA structures with a

gold thickness of 20 nm . . . . . . . . . ... 75
5.11 Plot of the calculated reflectance spectra for gold-coated NAAM struc-

ture with the long interpore distance considering different the gold layer

thicknesess . . . . . . . . . . 76



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING

Francisco Bertd Roselld

List of figures | xvii

5.12
5.13

5.14

6.1

6.2
6.3

6.4
6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17
6.18

Theoretical optical study for the gold-coated NAAM . . . . . ... .. 7
Quality factor and optical sensitivity for a gold-coated NAA as a function
of the gold thin film thickness . . . . . .. .. ... ... ... . .... 79
Electric field intensity profiles for the gold-coated NAAM for different
gold layer thicknesses . . . . . . . .. ..o Lo 80

Schematic concept of the aluminium anodization into a ordered NAA-RF
by sinusoidal pulse anodisation . . . . . .. .. ... 00000 87
Schematic NAA pore morphology with cyclic anodization. . . . . . . . 88
Cross-sectional and top view SEM image of the NAA-RF structure
produced at a specific Iy value. . . . . . . ... ... L. 89
Measured reflectance of the NAA-RF samples varying the offset current I, 90
Measured reflectance of the NAA-RF samples varying the amplitude
current Iy . . . . 91
Schematic of continuous graded index transition into an effective graded
index structure. . . . . . .. ... 92
[lustration of the resulting modulation of the effective refractive index
with thedepth . . . . . . . . . .. 92
Cross-sectional view SEM image of the NAA-RF sample produced at a
specific offset current (Ip) value. . . . . . .. ... 94

Calculated reflectance of the NAA-RF samples varying the offset current

Calculated pore diameter of the NAA-RF samples in function of the
offset current Iy . . . . . . ... 95

Experimental and calculated reflectance of the NAA-RF samples varying

the amplitude current I; . . . . . . . . . ... 97
Optical study of the NAA-RF under different values of the pore filling

medium refractive index. . . . . . ... oo 98
Effect of the d, on the NAA-RF sensitivity . . . ... ... ... ... 98
Effect of the Ad, on the NAA-RF sensitivity . . . . . .. ... ... .. 99
Alternative scheme of proposed optical system for detection of analytes

by NAA-RFs . . . . . . 100
Transmission spectra of each NAA-RFs composing the alternative pro-

posed optical system for detection of analytes by NAA-RFs . . . . .. 101
Schematic concept view of the process of light filtering . . . . . . . .. 101

Spectrum response before and after going through the flow cell system 102



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

xviii | List of figures

6.19 Reflectance spectra after the flow cell system for three different refractive
index values of the pore filling medium of the NAA-RF object sample 103

6.20 Signal response in function of the refractive index of the medium . . . . 104



UNIVERSITAT ROVIRA I VIRGILI

NUMERICAL MODELLING OF
Francisco Bertd Roselld

NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING

List of tables

2.1

2.2

2.3

24

4.1
4.2

4.3

5.1

6.1

6.2

Interpore distance for the self-ordered NAA achieved with the tree major
inorganic acids (sulphuric, oxalic and phosphoric) and with three organic
acids (malonic, tartaric and citric) with the optimum anodizing potential
in mild anodization. Adapted from [Lee2008]. . . .. .. ... ... ..
Interpore distance for the self-ordered NAA achieved with sulphuric
and oxalic acids with the optimum anodizing potential (U) in mild
anodization and hard anodization. Adapted from [Lee2006a]. . . . . . .
Pore diameter for the self-ordered NAA achieved in mild anodization
with the tree major electrolyte acids (sulphuric, oxalic and phosphoric)
with the 10% porosity rule. Adapted from [Nielsch2002] . . . . . . . ..
Summary of optical sensors and biosensors based on Nanoporous Anodic

Alumina (NAA) platforms: optical method, analyte and reference. . . .

Porosity and alumina thickness for the different NAA samples . . . . .
Key parameters of the NAA for each interpore distance considered.
Adapted from [Berto-Rosello2016]. . . . . . .. .. ... ... ... ...
Widths and refractive indexes of the anionic layer for each kind of NAA.
Adapted from [Berto-Rosello2016]. . . . . . .. .. ... ... ... ...

Structural parameters considered in each NAA platform . . . . . . ..

Estimated average interpore distance for each sample with different
offset current (fo).. . . . . . ..
Relationship of the fabrication parameters with the geometric character-
istics of NAA-RF. . . . . . . . . . .



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

List of contributions

Journal articles

Berto-Roselld, F., Xifré-Pérez, E., Ferré-Borrull, J., Pallares, J., and Marsal, L.
F. (2016). Nanoporous Anodic Alumina 3D FDTD Modelling for a Broad Range of
Inter-pore Distances. Nanoscale Res. Lett., 11(1):359.

Bert6-Roselld, F., Xifré-Pérez, E., Ferré-Borrull, J., and Marsal, L. F. (2018). 3D-
FDTD Modelling of Optical Biosensing based on Gold-Coated Nanoporous Anodic
Alumina. Results in Physics, 2018, Accepted (in press).

Acosta, L. K. Bert6-Roselld, F., Xifré-Pérez, E., Santos, A., Ferré-Borrull, J., and
Marsal, L. F. (2018). Stacked nanoporous anodic alumina gradient-index filters with

tuneable multi-spectral photonic stopbands as sensing platforms., To be submitted.

Comunications

Bert6-Roselld, F., Xifré-Pérez, E., Ferré-Borrull, J., Pallares, J., and Marsal, L.
F.. 3D-FDTD Modelling Optical behaviour of Long Inter-pore Distance Nanoporous

Anodic Alumina. Porous Semiconductors - Science and Technology PSST. Tarragona
(SPAIN), 2016. Oral communication.

Bert6-Roselld, F.| Xifré-Pérez, E., Ferré-Borrull, J., and Marsal, L. F. . Nanoporous
Anodic Alumina 3D-FDTD Modelling Optical behaviour for Long Inter-pore Distance.
CEN2016 - Conferencia Espanola de Nanofotonica. Valencia (SPAIN), 2016. Poster.

Berto-Roselld, F., Xifré-Pérez, E., Ferré-Borrull, J., and Marsal, L. F.. Nanoporous
Anodic Alumina Optical Biosensing Modelling with 3D-FDTD. 25th edition Optical




UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

xxii | List of contributions

Wave and Waveguide Theory and Numerical Modelling Workshop. Eindhoven (THE
NETHERLANDS), 2017. Oral communication.

Bert6-Roselld, F., Acosta, L.K., Xifré-Pérez, E., Ferré-Borrull, J., and Marsal, L. F..

Numerical Modelling and Characterization of Nanoporous Anodic Alumina Rugate

Filters. Porous Semiconductors - Science and Technology PSST. La Grande Motte
(FRANCE), 2018. Poster.

Acosta, L.K., Bert6-Roselld, F., Xifré-Pérez, E., Ferré-Borrull, J., and Marsal, L.
F.. Nanoporous Anodic Alumina Rugate Filters for Optical Biosensing. XII Reunion
Nacional de Optica. Castellon (SPAIN), 2018. Oral communication.

Bert6-Roselld, F., Acosta, L.K., Xifré-Pérez, E., Ferré-Borrull, J., and Marsal, L.
F.. Study of Nanoporous Anodic Alumina Gradient-Index Structures by Numerical
Modelling. CEN2018 - Conferencia Espanola de Nanofotonica. San Sebastian (SPAIN),
2018. Poster.




UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

Chapter 1

Introduction

1.1 General Remarks

It is well known from a variety of studies, that some materials shown particular physical,
optical and chemical properties at the nanoscale. Nanotechnology permits scientists
to enhance their properties modifying the matter structure at this level and taking
advantage of them for the development of new devices and applications. The fields in
which the nanotechnology is critical are diverse and involve different areas, such as
biology, materials science, optics, energy and medical sciences.

In medical sciences the development of new devices for biomedical applications are
increasing the interest of research areas as, for example, drug delivery and biosensing.
Particularly important is the research in biosensing in order to obtain more sensitive
and reliable devices with a view for their deployment to society in the form of cost-
effective and reliable diagnostic systems. The manufacturing of such devices in some
cases implies the manipulation of the light in these materials at the nanoscale, for
which it implies to have a deep knowledge of the optical behaviour of the structure.
In this sense, the election of the appropriate material with the ability of controlling
the propagation of the light through them is decisive in the development of biosensing
devices.

Nanoporous Anodic Alumina (NAA) is a self-ordered porous material produced by
electrochemical anodization of aluminium with an hexagonal arrangement of cylindrical
pores perpendicular to their surface. In the recent years, NAA structures have generated
a considerable research interest because of their physical, chemical and optical properties.
Actually, their optical properties in the visible, their great tunability of the structure,
their ability to act as a holder of small objects, their stability under biological conditions

and their capacity to act as a scaffold to hold other nanostructures are some of the
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properties that make NAA especially appropriate as a platform for the development of
optical biosensors. Focusing in the optical properties of the NAA, these are strongly
dependent to their geometrical parameters. This fact permits to achieve a precise
control of their optical properties by tuning the structure (for instance, by nanopore
engineering or changing the lattice parameter of the pore arrangement).

Theoretical studies on the optical properties of these NAA structures is a fundamen-
tal field of research. The numerical modelling of the optical properties of NAA permits
to understand their relationship with the structural features of the NAA, providing a
conceptual framework for the analysis of their optical behaviour. Additionally, these
simulations are a powerful tool for the improvement of the NAA-based devices with a
design fundamented on a wider knowledge basis.

Several models exist in the literature to predict the optical behaviour of NAA-based
devices, however the published research on this issue is very limited. Whilst most
of these models are developed for a specific type of NAA with a restricted range of
geometric and optical characteristics, there exist a paucity of published studies on
NAA optical modelling in a broad range of structural features.

In this thesis, we aim at to cover this existing gap with the development of a
predictive models for the optical properties of the NAA valid in a wide range of

geometrical characteristics, as well as the suitability of the numerical method used.

1.2 Objectives

The objectives of this Thesis are:

e To develop computer implementations of numerical models for the theoretical
study of the optical behaviour of NAA with a broad range of geometric and

optical characteristics.

e To analyse the structural and the optical properties of the NAA in order to
perform the modelling considering it as a one-dimensional and a two-dimensional

photonic crystal.

o To study theoretically of the optical behaviour of gold-coated NAA as a proposal

of application to sensing devices based on NAA.

o To study theoretically of the optical behaviour of NAA graded-index structures

as a proposal of modelling tools applied to more complex structures, and a
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theoretical study and assessment of an alternative proposal of sensing with
NAA-based graded-index structures.

1.3 Structure of this Ph. D. Thesis

In order to achieve the objectives previously exposed, we organized the structure of
this Ph. D. Thesis as follows:

In chapter 2 the state of the art is given. Firstly, a brief overview of fundamentals
of NAA is presented. A glimpse on the fabrication process of NAA is given, with an
introduction to the anodization and the structural parameters. The optical properties
of the produced NAA are introduced as well as their dependence on these parameters.
Finally, the state of the art about current simulation models of the optical properties
of NAA closes this chapter.

Chapter 3 is devotes to the description of the numerical methods applied in this
thesis. From the different techniques existing in the literature on numerical modelling,
the chosen for our investigation had been restricted to those more suitable for the
type of structures we are considering. Thus, an introduction to Effective Medium
Approximation (EMA) techniques is given, as well as an introduction to Transfer Matrix
Method (TMM) for the study of the NAA structure as a equivalent homogeneous
material, resulting from the mixture of air and the aluminiumoxide matrix. Additionally,
the fundamentals of the Finite-Differences in the Time Domain (FDTD) method also

are introduced for the analysis of the NAA as a two-dimensional photonic crystal.

Chapter 4 is devoted to the modelling of the optical behaviour of NAA with the
methods exposed in chapter 3. The optical behaviour dependence on the different
structural parameters of two types of NAA structures are studied. Different geometrical
models are proposed to simulate the optical properties of such structures. Simulations
of the reflectance spectra are performed using both EMA with TMM and FDTD, and
analysed and compared with the experimental data. The limitations and the suitability
of the numerical methods applied and of the model adjustments are presented and

discussed.

In chapter 5 we apply our simulation model to study the suitability of two types of

gold-coated NAA structures as a platform for reflectometric-based plasmonic biosensors.
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In this sense, the reflectance spectrum is simulated upon the absorption of biomolecules
(modelled as a conformal “biolayer”) on the gold coating layer and the inner pore walls.
A study on the coupling of the incident light to a localized surface plasmon resonance
because of the nanostructuring provided by the pore arrangement with the absorption
of the biolayer is presented. Additionally, a sensitivity study on the biolayer thickness
and the gold thickness is performed.

Chapter 6 presents a theoretical study of the optical behaviour of more complex
NAA structures by means of numerical modelling: the gradient-index NAA (NAA-GI)
based structures. The diameter of the cylindrical pores of this type of NAA structures
are periodically modulated with the depth. This modification of pore morphology
induces a variation in depth of the porosity modulating the effective refractive index of
the medium with the pore depth. The optical behaviour of the NAA-GI structures is
simulated considering them as a 1-D photonic crystal with their effective refractive
index previously modelled with EMA and performed with TMM. An analysis of the
relations between the anodization parameters and the structural parameters of NAA-GI

(such as average pore diameter and pore modulation amplitude is presented.

Finally, the chapter 7 completes this thesis providing the summary and the conclusions

reached in this work.
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Chapter 2

State of the Art

The purpose of this chapter is to provide a basic introduction to the fundamentals
of nanoporous anodic alumina (NAA) in order to supply the background for the
understanding the results obtained in this thesis. However, a complete report on the
fabrication of NAA and all of their features is beyond of the scope of this work and
may be too broad because of its huge extension.

The chapter starts with a brief look on the NAA fabrication process method and
describes the anodization and the structural parameters. The types of NAA produced
in the NePhoS group at URV are also detailed, as well as their geometrical and chemical
features. Next, the optical properties of the produced NAA are introduced as well as
their dependence on the anodizing parameters. Finally, we provide the state of the art

with the current simulation models for the optical properties of NAA.

2.1 Nanoporous anodic alumina basics

Aluminium, like other metals as Tantalum or Zirconium, when exposed to oxygen
present in air or in a liquid environment, reacts spontaneously forming a coating with
a oxide layer of a few nanometres thick. This thin layer prevents the metal of being
completely oxidized, protecting it. However, from a scientific and a commercial point of
view, it could be interesting to achieve a controlled oxidation process of the aluminium.

An analogous oxidation reaction can be carried out electrochemically in order to
produce aluminium oxide. This process has been called “anodization”. A schematic
picture of this process is illustrated in figure 2.1. On the electrodes of an electrolytic
system, the aluminium is placed as the anode and platinum or graphite are used as
cathode. Next, both of them are partially submerged in an aqueous dilution of an

electrolyte. When a voltage is applied between both electrodes, redox reactions take
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Power supply

Cathode

_—Electrolyte

Fig. 2.1 Schematic view of the electrochemical cell for anodizing.

place on them. The aluminium is oxidized in the anode and the aluminium oxide
starts to grow perpendicularly to the surface. During this process, negative charged
compounds (anions) coming from the electrolyte can migrate and being incorporated
into the aluminium oxide. Meanwhile, a reduction reaction occurs in the cathode

producing hydrogen ions.

2.1.1 Types of anodic aluminium oxide

In this electrochemical process, the nature of the electrolyte has a crucial role on
the characteristics of the oxide layer. The chemical composition of the electrolyte
influences the geometrical properties of the anodic aluminium oxide (AAO). In general,
the AAO is present in two distinct morphologies: barrier-type AAO and porous-type
AAQ. Figure 2.2 illustrates the two types of AAO. Figure 2.2.a shows the first type of
AAO, the barrier-layer AAO. This AAO is formed by a compact and non-porous oxide
foil, generally, using neutral electrolytes, such as citrates and borates, in which AAO is
insoluble. By contrast, acid electrolytes in which the AAQO is slightly soluble, such as
sulphuric, oxalic and phosphoric acids, are used to produce porous-type AAO or NAA
(figure 2.2.b) [Lee2014, Thompson1997]. The morphology of this last type of AAO is
very different from that of barrier-layer type and, in addition, it is very sensitive to
the anodization conditions, such as pH, temperature, type of electrolyte and voltage
applied [[Lee2014]].

Thus, depending on the manufacturing process a porous spongiform NAA structure
is obtained (the porous and ordered NAA depicted in figure 2.2.b has only illustrative

purposes as a type of porous AAO and it will be described in the following sections).
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a) b)

Barrier — type AAQ Porous — type AAO

Fig. 2.2 Schematic view of the two types of anodic aluminium oxide: a) barrier-type
AAO and b) porous-type AAO.

This type of NAA played an important role in industrial applications because of, among
others, their hardness and resistance to the corrosion [Lee2014]. However, the porous
morphology of this type of structure may not be the most suitable for nanotechnological
applications based on NAA for which a good pore ordering is necessary. Actually, in
order to provide some examples, research areas such as biotechnology [Ingham?2012,
Gultepe2010, Santos2013a] and energy [Santos2010, Balderrama2015] are investigation

fields in which the degree of the NAA pore arrangement is crucial.

2.1.2 Self-ordered nanoporous anodic alumina

In 1995, Masuda and Fukuda [Masudal995] discovered that the NAA produced by the
anodization of the aluminium in a oxalic acid solution revealed a texturization of the
substrate surface with an array arrangement of hemispherical concavities. From this
discovery, a procedure was developed to anodize aluminium which permitted to obtain
NAA films with an arrangement of highly ordered pores. This procedure was called
the “two-step anodization” process. Usually the self-ordered NAA is produced using
two experimental anodization process: the mild anodization (MA) process and the

hard anodization (HA) process.
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a) First anodization b) Oxide removal ¢} Second anodization

Air Alumina . Al

Fig. 2.3 Schematic view of the two-step anodizing process.

—_—
50,000 0,5um

Fig. 2.4 NAA SEM top view images corresponding to the phases of the two-step
anodizing process: a) first anodization, b) oxide removal and c¢) second anodization.
Courtesy of Sara Aguilar, Universidad de Antioquia.
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Mild anodization

In mild anodization, the two-step process consists of applying a first anodization which is
performed in an aqueous dilution of an acidic electrolyte under potentiostatic conditions
for a long time. During this first stage, the pores start to nucleate on the aluminium
foil at random positions and the aluminium oxide starts to grow perpendicularly to
the metal surface. The NAA resulting film shows disordered pores on the top of the
oxide layer. As the pores grow into the metal, they shift their position with respect to
the surface and become self-arranged in an almost-triangular lattice. This ordering
of the pores is observed at their bottom after some hours of anodization. Figure 2.3
illustrates schematically the two-step anodization process, whereas figure 2.4 illustrates
the SEM top view images of NAA produced with the two-step anodization process.
Figure 2.3.a depicts a sketch of the first step and the figure 2.4.a shows the top view
of a SEM image corresponding to a NAA sample after the first step. Subsequently,
the oxide layer is removed (figure 2.3.b) unveiling a texturization of the aluminium
substrate with an hexagonal array of hemispherical concavities (figure 2.4.b). At this
point is when the second anodization is carried out with the same conditions as the
first anodization. The pores are formed at the centre of the concavities and grow
perpendicular to the aluminium surface (figure 2.3.c). Although with this procedure
the obtained NAA pore arrangement can be highly ordered, it is not perfect. Figure
2.4.c shows a NAA top view SEM image after the second anodization exhibiting a
polydomain structure (i.e. a structure with regions in which the lattice orientation
of the pore arrangement is the same with domain walls where orientation is changed
and with defect points in the lattice.). This result is according to those reported in
[hillebrand2008].

The arrangement of the pores depends of the anodization conditions, such as the
temperature (7), the applied voltage or potential (U), the pH and the type of acid
electrolyte used. Several investigations on the self-ordering phenomenon of the porous
arrangement have been published. In order to provide some examples, we cite works
like this one of Masuda et al. [Masudal997] in which the pore arrangement of NAA in a
sulfuric acid solution was studied. The authors obtained a highly ordered structure with
an anodization potential of 25 to 27 V. In another study, Li et al. [Li1998] discussed
about the growth of highly ordered pores in NAA in a oxalic acid solution. Nielsch et
al. [Nielsch2002] reported a set of conditions that allows to obtain the hexagonal array
of cylindrical pores in NAA with the three major acids electrolytes (i.e. sulfuric, oxalic
and phosphoric acid). Here, the authors stated the existence of an optimum anodizing

potential for a specific acid electrolyte in order to obtain the finest pore ordering. That
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is the so-called “self-ordered anodization regimes”. In this line, the authors reported
that the optimum potential to obtain the best pore ordering for the three mostly used
acids electrolytes in mild anodization was: 25V for sulfuric acid, 40V for oxalic acid
and 195V for phosphoric acid. When the anodization is performed out of the bounds
of the self-ordered regimes, the pore ordering decreases extremely [Lee2014].
Previous works have focused mainly on considering the commonly three mostly
used electrolytic acids for the production of the self-ordered NAA. However, some
authors demonstrated the fabrication of self-ordered NAA considering other types of
acidic electrolytes. For example, Ono et al. [Ono2004] reported the fabrication of a
self-ordered NAA using citric acid as electrolyte and applying 240V as anodization
potential. In a posterior work, Ono et al. [Ono2005], fabricated self-ordered NAA
employing other organic acids electrolytes. In this later case, the authors used malonic
and tartaric acids as electrolytes, at 120V and 195V respectively, to produce the porous
alumina films. In both studies, the authors obtained NAA films with a worse spatial

ordering as compared with those achieved using the conventional acid electrolytes.

Hard anodization

On the other hand, the HA process is used with hard anodization conditions (i.e. with
high voltages) in order to obtain a higher growth rate of the NAA. Lee et al. [Lee2006a)
investigated the NAA fabrication with this process, in a one-step anodization procedure
using oxalic acid as electrolyte at low temperatures and applying high voltages such as
100-150V. The hard conditions on the voltage applied may damage the oxide film, and
for this reason the authors reported that a protective oxide layer on the substrate of
aluminium using MA conditions should be formed before the hard anodization process
be applied. Finally, they reported a fast fabrication process with a new self-ordering
regime and a highly pore ordering.

An alternative approach was developed by Santos et al. [Santos2012c]|. The authors
proposed an new method to obtain NAA films produced in oxalic acid without the
protective oxide layer by hard anodization. To this end, the authors used a two-step
process in HA: they started anodizing the aluminium substrate by MA conditions
during a short period of time (5 minutes) after which the authors increased the voltage
until reach the HA anodization voltage, and then a second step at HA voltage is
applied with low temperature, low acid concentration and with a high stirring rate in
order to provide a faster diffusion of the heat. With this work, the authors reported a
cost-effective fabrication process without additional stages for obtain NAA membranes

with well-defined pores.
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a) b)
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Fig. 2.5 Schematic pore morphology of NAA. a) 3D prespective view of the NAA pore
morphology. b) Schematic planar cross section view of the NAA pore morphology with

the geometrical parameters explicitly depicted.

This section has reported the fabrication process usually used to obtain self-ordered
NAA. From now on, throughout this dissertation, the term NAA will refer to self-

ordered NAA. The following section of this chapter moves on to describe in greater

detail the general structure of the NAA.

2.1.3 Pore morphology of nanoporous anodic alumina

Figure 2.5 shows schematically an ideal pore morphology of the NAA. The structure

shows a hexagonal arrangement of cylindrical pores perpendicular to the aluminium

substrate (figure 2.5.a). The interface substrate-alumina is texturized with hemispher-

ical concavities, as well as the interface alumina-air in the nanopores. The space

between this two interfaces is a thin barrier of alumina that constitutes the barrier

layer. In general, the NAA pore morphology can be characterized by a set of geometric

or structural parameters (figure 2.5.b): the interpore distance (d;,;), the pore diameter

(d,), the pore length or porous layer thickness (L), the barrier layer thickness (t,) and

the pore wall thickness (t,,).

For highly ordered NAA, we can consider an ideal hexagonal arrangement of the

pores. With this distribution we can establish a relationship between some structural

parameters and also with the porosity (P) of the structure.
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diny = dyy + 21, (2.1)

o)

As we indicated previously, numerous investigations have established that the an-
odization conditions strongly influences the morphology of the NAA. The applied voltage
[Losic2009a, Nagaura2008, Rahman2013], the pH [Chu2006, Ono2005], the tempera-
ture [Sulka2009, Xu2004] and the acid electrolyte [Chu2006, Ono2005, Zaraska2016a)
determines the resulting NAA structure, making possible engineer the NAA with
desired geometrical parameters. Thus, it is convenient that the dependence of the

major structural parameters with the anodization factors be briefly described.

Interpore distance

On a key study about the self-ordering regimes of the NAA, Nielsch et al. [Nielsch2002]
observed that for self-ordered NAA the ratio % was always constant, giving a value
for the porosity of P ~ 10%. This result was called the 10% porosity rule. Additionally,
the authors reported that in the self-ordered regimes the anodizing potential influences
the interpore distance. They found that for the three mostly used acids (sulphuric,

oxalic and phosphoric acids) this influence follows a linear equation

dint =aU (23)

where « is the proportionality constant. For this regime (mild anodization), the authors,
experimentally determined o = 2.5nm/V . Table 2.1 summarizes the interpore distance
for the NAA achieved with the tree mostly used acids and with three additional organic
acids (malonic, tartaric and citric) with the optimum anodizing potential.

On the other hand, in hard anodization Lee et al. in [Lee2006a] reported a
reduction in the proportionality constant of eq. (2.3). The authors experimentally
determined oo = 2.0 nm/V, and also reported a new ranges of interpore distances for
this anodization process. In order to provide comparison, table 2.2 shows the ranges of
interpore distances achieved in mild and in hard anodization for sulphuric and oxalic

acid electrolytes.
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Table 2.1 Interpore distance for the self-ordered NAA achieved with the tree major
inorganic acids (sulphuric, oxalic and phosphoric) and with three organic acids (malonic,
tartaric and citric) with the optimum anodizing potential in mild anodization. Adapted

from [Lee2008].

Electrolyte acid anodizing potential (V)

interpore distance (nm)

Sulphuric 25V
Oxalic 40V
Malonic 120 V
Phosphoric 195 V
Tartaric 195V
Citric 240 V

65 nm
103 nm
300 nm
500 nm
500 nm
600 nm

Table 2.2 Interpore distance for the self-ordered NAA achieved with sulphuric and
oxalic acids with the optimum anodizing potential (U) in mild anodization and hard

anodization. Adapted from [Lee2006a].

Electrolyte acid  Mild anodization

Hard Anodization

U (V) dip (nm) U (V) din (nm)
Sulphuric 19-25 50-60 40-70 90-140
Oxalic 40 100 120-150  220-300

Table 2.3 Pore diameter for the self-ordered NAA achieved in mild anodization with the
tree major electrolyte acids (sulphuric, oxalic and phosphoric) with the 10% porosity

rule. Adapted from [Nielsch2002]

Electrolyte acid anodizing potential (V)

Pore diameter (nm)

Sulphuric 25V 24 nm
Oxalic 40 V 31 nm
Phosphoric 195V 158.4 nm
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Pore diameter

In the study provided by Nielsch et al. in [Nielsch2002], the authors reported that
in contrast to the interpore distance, the pore diameter is influenced by the pH of
the electrolyte solution. They reported that the potential necessary for an optimal
self-ordering anodization is lower for lower pH. Table 2.3 summarizes the pore diameter
for the NAA achieved with the tree major inorganic acids (sulphuric, oxalic and
phosphoric) with the 10% porosity rule.

Additionally, they also reported that under the 10% porosity rule and with the
equations (2.3) and (2.2), a relationship between the anodizing potential and the pore

diameter is also obtained.

2/3P
d, = V3P (2.4)

/0

Pore diameter modulation

The self-ordering anodization process described previously permits to obtain a highly
ordered NAA with a specific range of d, and d;,,; in the self-ordered regimes. This
procedure permits to obtain NAA structures with well-aligned cylindrical pores per-
pendicular to the aluminium substrate. However, as we have seen before, the pore
diameter of the NAA strongly depends on the applied voltage. Thus, the production
of NAA films with a modulation of the pore diameter in depth is possible and it can
be engineered by a precise control of the anodization voltage or the current density in
the fabrication process. This structural modulation of the pore morphology in depth
can be achieved using different anodization techniques.

In this work, we consider two pore modulation procedures of anodization: the pulse
anodization (PA) and the cyclic anodization (CA). The PA is one of the most studied
pore modulation procedure [Lee2008, Chen2015, Lee2008a]. This procedure permits
to fabricate NAA structures breaking the cylindrical shape of the pores and giving a
3D pore morphology to the NAA combining a low-potential pulse followed by another
high-potential pulse with periods and amplitudes intentionally designed. Figure 2.6
illustrates a schematic view of the NAA pore morphology achieved with the pulse
anodization process. The picture shows the variation of the pore diameter in depth of
the structure. The pore geometry can be defined by two sections of pore lengths: the
corresponding to the achieved by a high-potential pulse, A;g, and the corresponding
to the achieved with the low-potential pulse, A;,,. The length in depth of each section
it will depend of the time of the applied pulse.
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Fig. 2.6 Schematic NAA pore structure with pulse anodization: (a) 2D planar cross
section sketch and (b) 3D perspective view sketch.

Another type of procedure to modify the NAA pore morphology is the so-called
“cyclic anodization”. Losic et al. [Losic2009a] developed this procedure employing
periodic oscillating parameters in the anodization current to achieve, for instance,
NAA-based rugate filters (NAA-RFs). NAA-RFs are a NAA-based structures where
their pores have a periodical oscillation of their diameter with the depth. Figure 2.7
illustrates a schematic view of the NAA structure achieved with this cyclic anodization
process. In the picture we can observe the sinusoidal variation of the pore diameter
(Ad,) on the pore length period (A). This sinusoidal pore morphology can be achieved
by applying a sinusoidal anodization current profile such as:

I = I + flsm(?) (2.5)
where I is an offset current (equivalent to the anodization current in constant current
anodization), and I; and T" are the amplitude and period of the sinusoidal component.
As a example, Ferré-Borrull et al. [Ferre-Borrull2014] fabricated NAA-RFs using the
cyclic anodization process by a variation of the current from galvanostatic conditions.
They applied a sinusoidal profile of the current similar to that of the eq. 2.5 to
create the pore modulation in depth. The authors concluded that different sinusoidal

current components can be superimposed. Also, they demonstrated that is possible to
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Fig. 2.7 Schematic NAA pore structure with cyclic anodization: (a) 2D cross section
planar sketch and (b) 3D perspective view sketch.

modulate both the average diameter and the amplitude in the diameter variation and
in the period. Finally, the investigators reported that the pore widening contributes to

increase the contrast between minimum diameter and maximum diameter.

Barrier layer thickness

The growth mechanism of NAA is highly influenced by the barrier layer thickness
(t,) which is considered one of the most important structural parameters of NAA
[Vrublevsky2005]. This parameter is also dependent on the anodizing potential. Nielsch
et al. [Nielsch2002] reported that the thickness of the barrier layers in mild anodization

satisfies the relationship

ty & dint /2, (2.6)

condition that prevents the pore nucleation between the existing pores.

Structure of the pore wall

The anodization process of the aluminium does not only determines the geometrical
parameters of the NAA, but also the chemical ones. During this process, a transport
of anionic species coming from the acid electrolyte towards the aluminium oxide
occurs [Shimizu2000, Shimizu2001]. The amount of incorporated anions and their
spatial distribution in the NAA structure depends on the acidic electrolyte and on the

anodization conditions [Lee2014]. The pore morphology of the NAA is affected by this
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Fig. 2.8 a) Schematic dual layer structure of the pore wall of NAA. b) Top view SEM
image of NAA produced with phosphoric acid electrolyte showing the structure of the
pore wall. Courtesy of Laura Pol, Universitat Rovira i Virgili.

incorporation revealing a chemical layered structure in the pore wall oxide. Thompson
in [Thompson1997] reported that the chemical composition of the pore wall shows a
dual layer structure: the so-called “outer pore” wall layer and the “inner pore ” wall
layer. The authors also reported that the outer pore layer consists in a pore wall layer
with a higher concentration of anions than the inner pore layer which remains relatively
pure. Figure 2.8.a shows a schematic picture of the dual layer structure of the pore
walls of NAA whereas the figure 2.8.b shows a top view SEM image of NAA produced
with phosphoric acid electrolyte showing the structure of the pore wall. The SEM
image reveals the cell boundary (highlighted in red) that corresponds to the inner pore
wall whereas the material surrounding the pores corresponds to the outer pore wall.

Other researchers, however, have found that the anions were distributed in an
onion-like manner. Specifically, Santos et al. [Santos2014a] reported four chemical
layers for the pore wall with decreasing concentrations of anionic species from the outer
pore wall to the inner pore wall (figure 2.9.b).

In any case, the incorporation of the anionic species to the NAA affects the refractive
index of the aluminium oxide in comparison with the relatively pure alumina. This will
depend on the type of the anionic species migrated (sulphate, oxalate, and phosphate),
which in turn depends basically on the acidic electrolyte used in the anodization process
[Santos2013a].
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Fig. 2.9 a) Schematic cross section of the dual layer structure of the pore wall of NAA.
b) Schematic cross section of the four layer structure of the pore wall of NAA showing
the decreasing concentration of anionic species by layer.

2.2 Optical properties of nanoporous anodic alu-
mina

The main optical properties of NAA are reflectance, transmittance, absorbance and
photoluminescence (PL). These are very related with the nanoporous structure of
the NAA and their chemical composition [Santos2014]. Therefore, the fabrication
conditions and the structural design of the NAA are determinant aspects to control
the optical properties of the NAA. This pronouncement has been widely reported
in the literature. For example, Marsal et al. [Marsal2009] reported the influence
of the alumina thickness and the temperature on the transmittance. The authors
measured the optical transmission spectra of NAA films with different thickness and
temperatures, and determined the dependence of the complex refractive index with the
temperature and crystalline phase. The influence of the main structural parameters on
the optical NAA properties was investigated in works such as that of Kumeria et al.
[Kumeria2012|. Here, the authors studied the optical properties of the NAA reporting
the influence of d,, di,+, L and the modification of the surface by for example metal
deposition (Au, Ag) in these. In a posterior study, Kumeria et al. [Kumeria2014b]

demonstrated that the nanoengineering of the NAA structural parameters, such as the
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pore diameter and the pore length, were critical in the development of more sensitive
and efficient optical sensors. The authors also reported that the 3D modulation in
depth of the NAA pore diameter improved the optical performance of the devices based
on them. In this line, Ferré-Borrull et al. [Ferre-Borrull2014a] studied the applied
voltage cycles and the temperature on NAA-based distributed Bragg reflectors (i.e. a
NAA structure which its pore diameter varies in depth inducing a periodic variation in
depth of the refractive index of the structure). The authors reported the possibility of
tuning and enhancing the photonic stop bands (i.e. range of wavelengths where the
propagation of the light through the photonic crystal in one or several directions is
forbidden) when combining with the temperature and a pore widening procedure.
Concerning other optical properties such as photoluminescence , Santos et al.
[Santos2012], in a exhaustive study, reported that the PL properties of the NAA were
related to the structural parameters and also to the acid electrolyte. Li et al. [Li2007a]
investigated the influence of the acid electrolyte on the PL spectrum of the NAA.
Cantelli et al. [Cantelli2016] studied the effect of the anodization temperature on the
NAA photoluminescence spectra. The authors reported an increase on the number of
the Fabry-Pérot fringes with the increase of the electrolyte temperature; meanwhile,
in contrast, a decrease of the oscillation amplitude with the temperature ascent was

observed.

The optical methods commonly used in the detection of the optical signals are
diverse. According to the optical properties, these can be used as a detection principles
in the development of NAA-based sensors or biosensors. We can cite, for example,
optical sensing based on surface plasmon resonance (SPR), localized surface plasmon
resonance (LSPR) , surface enhanced Raman scattering (SERS) and reflectometric
interference spectroscopy (RIfS). In the next paragraphs these optical methods are

briefly described and also are summarized in table 2.4.
Surface Plasmon Resonance (SPR)

SPR is based on the excitation of the surface plasmons of a metal film when light
impinges on it. Usually, the optical system is implemented using the Kretschmann
configuration, which consists of illuminating a triangular prism so that the light beam
is incident on the base of the prism from the glass medium (figure 2.10). The base
of the prism is coated with a very thin film of the metal. If the angle incident on

the base of the prism is corresponds to the wavevector of the SPR, incident photons
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Table 2.4 Summary of optical sensors and biosensors based on Nanoporous Anodic
Alumina (NAA) platforms: optical method, analyte and reference.

Optical method Analyte Reference
SPR octadecyl-phosphonic acid [Koutsioubas2008]
BSA [Lau2004]
BSA [Hotta2012]
LSPR ethanol [Konig2014]
aptamers [Kim2008]
Pseudomonas aeruginosa [Kim2017]
SERS Rhodamine 6G (R6G) [Mondal2010]
IgG [Fu2014]
mouse neuroblastoma N2a cells  [Toccafondi2015]
RIfS IeG [Alvarez2009]
H2S gas [Kumeria2011a)]
BSA [Macias2013]
PL trypsin [Santos2012b]
oxazyne, glucose [Santos2012b]
ethanol [Laatar2017]
4 Z
Dielectric 5P

Fig. 2.10 Schematic view of the Kretschmann configuration for surface plasmon excita-

tion.
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are coupled to the SPR. The sensing principle of the system lies in the fact that the
SPR is hugely sensitive to changes in the refractive index of the medium surrounding
the metal coating on the side opposite to the prism up to distances of a few hundred
of nanometres from the metal surface. Taking advantage of that, Koutsioubas et al.
[Koutsioubas2008] investigated the signal enhancement of a SPR-NAA based sensor. In
another study, Lau et al [Lau2004] demonstrated the detection of bovine serum albumin
(BSA) adapting NAA as SPR planar optical waveguide. Hotta et al. [Hotta2012]
developed a free-label biosensor based on a NAA waveguide on a aluminiumsubstrate.
The authors investigated the adsorption of BSA by the NAA and reported a 20-times

higher sensitivity than conventional SPR sensors.
Localized Surface Plasmon Resonance (LSPR)

When illuminating metallic particles with sizes much smaller that the wavelength of
the incident light, the plasmons at the metallic surface become excited and oscillates
around the particle with a characteristic resonant frequency called LSPR, [Willets2007,
Anker2008]. The LSPR shows an extreme dependence on the geometric nature of
the nanoparticle such as the size and the geometry, as well as on their composition
[Petryayeva2011]. The LSPR, as well as the SPR, is also very sensitive to changes
in the refractive index of the surrounding medium. In addition, the size, the shape,
the material and the properties of the medium influences the LSPR. Konig et al.
[Konig2014] infiltrated silver nanocubes into the pores of the NAA to investigate the
LSPR coupling between them. The authors reported a high plasmonic sensitivity
for the system in contrast to conventional planar substrates. Kim et al. [Kim2008]
studied the detection of biomolecules (aptamers and proteins) by means of LSPR on
a gold-capped NAA nanostructure. In a more recent work, Kim et al. [Kim2017]
developed a gold-capped NAA chip for the detection of a specific type of bacterial cells.
The combined action of the interferometry and the LSPR enhanced the optical response
of the system. Thus, the authors reported reproducible changes in the wavelength peak

and in the relative reflected intensity (RRI) in presence of the bacterial cells.
Surface-Enhanced Raman Scattering (SERS)

Surface-enhanced Raman scattering (SERS) is based on the enhancement of Raman
scattering of an analyte on the surface of a roughened metal or nanostructured surface
[Zhang2008a]. The surface-enhanced Raman effect mainly lies in the enhancement

of the electromagnetic field at the metal surface because of coupling of the incident
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light to the LSPR. Since Raman emission of a specific molecule depends with the
fourth power of the electric field at the point where the molecule is placed, field
enhancement results in a boost of the Raman signal. The nanostructured surface of
the NAA is a suitable platform to build up SERS substrates. In this line, Mondal
et al. [Mondal2010] fabricated a SERS substrate using a NAA membrane decorated
by silver nanoparticles. When the silver was deposited the lattice arrangement of the
nanoparticles by the NAA nanostructuration provided the adequate roughness to create
the huge SERS effect. Additionally, as the NAA nanostructure can be exquisitely
tuned, the authors reported the possibility to design and produce NAA-based SERS
substrates to achieve a control of the field enhancement in a precise way. Other studies
have used a NAA as a waveguide to sensing biomolecules by SERS. Fu et al. [Fu2014]
proposed a highly sensitive SERS detection device by means of a NAA waveguide and
assembled silver nanoparticles. Another investigation on SERS-NAA platform was
performed by Toccafondi et al. [Toccafondi2015] in which the authors investigated the
suitability of gold-coated NAA as a biosensor. They used gold-coated NAA as a SERS
surface and performed Raman measurements on living cells cultured on the gold-coated
NAA structure. The analysed Raman peaks corresponding to the distinct components
of the cells with this nanostructured substrate showed a remarkable enhancement of
the Raman effect in comparison with the corresponding ones obtained with different

substrates.
Reflectometric Interference Spectroscopy (RIfS)

Reflectometric Interference Spectroscopy (RIfS) is a label-free optical method based
on the interference pattern obtained when white light impinges and go through a
thin film. The interference pattern is due to the overlap of the multiple reflections
of the incident beam at the thin film interfaces. The optical path difference (2nL)
between two consecutive reflected wave fronts gives the condition for constructive or
destructive interference of the overlapped reflected components at each wavelength.
Such constructive and destructive interferences give rise to maxima and minima
(interference fringes) in the reflectance spectrum. Changes the optical path will be
translated into a modification of the number, the position and the intensity of the
interference fringes [Kumeria2012]. Thus, as the interference pattern depends on
the pore morphology, to achieve a precise control of the fabrication conditions is
crucial to design NAA structures with determined optical properties. RIfS-NAA based

platforms have been developed for sensing and biosensing applications. Alvarez et
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al. [Alvarez2009] developed a NAA biosensor to detect binding of immunoglobulin.
Changes in the refractive index of the layer because of the binding of the proteins were
detected by thin film interference spectroscopy. Kumeria et al. [Kumeria2011a] used
NAA for reflective interferometric sensing of volatile sulphur compounds. Macias et
al. [Macias2013] demonstrated the use of gold-coated NAA bilayers (NAA with large
pore diameters on the top layer and small pore diameters in the bottom layer) for
biosensing by means of RIfS. The authors evaluated the sensing capabilities of this
structure with bovine serum albumin. Kumeria et al. [Kumeria2014] engineered and
optimized NAA rugate filters for biosensing aplications. The authors assessed their

results with distinct solutions of glucose and validate them by a theoretical model.
Photoluminescence (PL)

Photoluminescence (PL) is the light emission by a material after being excited by
means of electromagnetic radiation. The NAA can emit blue light under light excitation.
Several authors reported that this phenomenon can be related to the anions distribution
and concentration in the alumina matrix [Huang2003, Li2007a]. Another source of
photoluminescence in NAA is the presence of oxygen vacancies in the aluminiumoxide
molecular lattice. Such vacancies are also known af F'+ or F' + + colour centres,
depending of the oxidation number of the vacancies [GopalKhan2013, Mukhurov2010].

Taking advantage of this kind of investigations, the use of PL-NAA based platforms
in sensing or biosensing was reported in the literature. For example, Santos et al.
[Santos2012b] developed a enzymatic sensor based on PL-NAA. The authors monitored
the PL spectra of the NAA platform before and after the enzyme immobilization,
detecting and quantifying it. Additionally, the authors also reported that the tunability
of the structural parameters of the NAA structure (pore diameter and pore length)
permitted improving and optimizing the enzyme detection. In another work, Santos et
al. [Santos2012a] developed an encoding system based on the PL spectrum of the NAA.
The authors reported the possibility of producing barcodes based on the width and the
position of each bar, which in turn were related to the intensity and position of each
oscillation of the spectrum. Concerning chemical sensing, Laatar et al. [Laatar2017]
developed and employed a PL-NAA platform as a gas sensor. The authors embedded
C'dSe nanoparticles into the NAA for the detection of ethanol under white illumination,

enhancing the sensor sensitivity.

In consequence, as the aforementioned studies have demonstrated, engineering the

structural parameters of the NAA by adjusting the fabrication conditions is a key



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

24 | State of the Art

parameter to design and enhance the optical properties of the NAA in order to
develop optical devices based on them. Therefore, in order to help to achieve a deep
understanding on the optical properties of the NAA and to help to predict results,
theoretical studies using numerical simulation models are decisive. Additionally, these
investigations become crucial in the sense that they help in the optimization of devices

based on NAA, favouring a reduction in the production time and also in the costs.

2.3 Simulation of the optical properties of NAA

This section is intended to be a review of researches referred to the simulation of the
optical properties of porous materials, such as porous silicon (PSi) and NAA, with the
most commonly methods for optical modelling. From the wide variety of methods for
optical modelling existing in the literature, the commonly used to simulate the optical
response of these porous materials are: the transfer matrix method (TMM), the finite
difference in the time domain method (FDTD), the scattering-matrix method (SMM)
and the rigorous coupled-wave analysis (RCWA). Chapter 3 will show the details of

each method used in this thesis.

The transfer matrix method is a faster and simple numerical method that permits to
model the propagation of electromagnetic waves through a multilayer thin film system.
TMM is usually used in combination with an effective medium approximation (EMA)
which makes possible approximate the 3D porous material towards a 1D-multilayer
structure, such as a 1D-photonic crystal. Using this method as a computational tool
with the Bruggeman’s EMA (details will described in the next chapter), Patel et al.
[N.Patel2012] simulated the optical properties of diverse porous silicon (PSi) structures:
a single layer PSi structure, a distributed Bragg reflector (DBR) and a micro cavity
(MC) as a more complex structure respectively. For the single layer structure, the
reflectance spectrum was calculated using the effective optical thickness (2nL) of
the whole structure. For the multilayer structures, the stack of layers were designed
considering alternate layers of low refractive index with high refractive index. In a
similar investigation , Maniya et al. [Maniya2014a] also employed the same modelling
approach on a DBR-PSi structure. In the same line, a investigation was carried out
by Mukherjee et al. [Mukherjee2013] studying the optical response of multi-layered
PSi structures. The authors verified the calculated results on simulated structures
considering superposition and sequential addition of refractive index profile functions

with those obtained experimentally. Sudrez et al. [Suarez2012] studied the sensing
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capabilities of a PSi structure with a polymer layer added to the pore walls. Here,
micro cavities and rugate filters structures were fabricated and also modelled with the
Bruggeman’s EMA and simulated with TMM.

When the subwavelength features of a 3D structure (that optically behaves like a 2D
or 3D-photonic crystal) have to be considered, the scattering-matrix method (SMM)
and the RCWA can be useful to obtain reflectance and transmittance calculations.
Vonn Freymann et al. [VonFreymann2003] studied the diffraction properties of a
2D-PSi photonic crystal. To this end, the SMM simulations permitted the authors to
obtain the reflectance and transmittance calculations corresponding to the diffracction
spectra and being compared with experimental measurements. In this line, Deubel
et al. [Deubel2004, Deubel2005] fabricated 3D photonic structures by direct laser
writing. The authors used SMM to asses the high quality of the produced samples.
They calculated the optical transmission and the angular dependence of the optical
transmission spectra of a 3D-photonic crystal and validated them by experimental
measurements. Sai et al. [Sai2006] proposed a technique to produce antireflective
subwavelength silicon (Si) structures based oh NAA templates. The authors performed
numerical simulations based on RCWA to estimate the optical properties of Si SWS
surfaces. They reported experimental reflectivities below 1% over a wide spectral

bandwidth as expected by numerical simulations.

Another one of the most used numerical methods is FDTD. Although it is compu-
tationally intensive, its demonstrated ability to take into account all the geometric
complexities of the nanostructure, its accuracy and its rigour make it a good election.
In this way, Rahman et al. [Rahman2011]| simulated the transmittance spectra of
NAA-patterned macroporous silicon by means of FDTD in order to study the existence
of photonic band gaps. Block et al. [Block2005] performed reflectance and sensitivity
simulations of a photonic crystal biosensor based on a porous glass device and compared
with the experimental results. The simulations were performed with RCWA which pro-
vided the initial modelling and later were validated by FDTD. Chen et al. [Chen2016]
theoretically investigated by means of 3D FDTD method the plasmonic absorption
and the sensing performance of a 3D-array of rectangular nanoholes structure. This
structure consisted in a dielectric layer placed between two nanopatterned gold thin
films. Kee et al. [Kee2012] studied the optical biosensing capabilities of an hexagonal
array of nanoholes on a gold-coated free standing Si3N,. The plasmonic effects and the

structure sensitivities were investigated by means of FDTD method varying the gold
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coated thickness, the hole diameter and the period of the lattice in order to obtain the
optimum characteristics for fabricate the biosensor. A similar investigation was carried
out by Cetin et al. [Cetin2015] on a hybrid substrate with silicon nitride. The authors
performed the numerical simulations with FDTD on the plasmonic device to optimize
the structure. The experimental results with the hybrid substrate were compared with

those achieved with transparent substrates.

Focusing on the simulation of the optical properties of NAA structures, more specific
investigations were found in the literature. Concerning the study of the optical
response of complex pore morphology NAA structures, Rahman et al. [Rahman2013]
simulated the optical properties of a NAA-based DBR with an EMA with TMM.
In another work, Herndndez-Eguia et al. [Hernandez-Eguia2014] studied the optical
Fabry-Pérot interference pattern of single layer of NAA coated with gold on a substrate
of aluminium. A theoretical model based on EMA with TMM was proposed and
validated with experimental measurements. In another work, Kral et al. [Kral2009]
calculated the angular-dependence reflectance and the polarimetry spectra of NAA-
based photonic crystal slabs. The authors simulated it in two different lattice structures
using SMM to study and characterize this kind of NAA photonic crystals. Damm et al.
[Damm?2014] modelled plasmonic effects of free-standing gold nanorods with FDTD.
The authors embedded gold nanorods in a NAA structure produced with sulfuric
acid electrolyte for SERS and surface enhanced fluorescence (SEF). Li et al. [Li2014]
used FDTD to study the optical properties of gold-coated NAA in relation with the
structural parameters. The authors investigated the change of the structural colour
varying the pore diameter in a range from 20 nm to 90 nm. The simulations indicated

that the colour of the NAA film can be tuned changing the pore diameter.

The work that we present in this Ph. D. Thesis comes to cover an appreciable gap in
the majority of these previous investigations. Most of these works are based on NAA
which characteristic sizes are smaller than the wavelength of the incident light. In our
work, we studied the suitability of the numerical method chosen in order to deal with
all the geometrical features of the NAA depending on these characteristic sizes. As a
result of this investigation, we develop a computer model suitable for a wide range of
structural parameters that takes into account the geometrical features inherent to the

fabrication process and even able to consider some chemical composition features in it.
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Chapter 3

Numerical methods for photonic
structures based on NAA

This chapter is devoted to the numerical methods used in this Ph. D. Thesis for the
study of photonic structures based on NAA. This research cannot be addressed using
a single numerical method due to the different types of structures to be considered.
Thus, from the different techniques existing in the literature on numerical modelling,
the chosen for our investigation had been restricted to those more widely used for the
kind of structure we consider.

The first section of this chapter will provide an introduction to the Effective Medium
Approximation (EMA) techniques. Although that is not a numerical method that
permits to calculate the reflectance of the transmittance spectrum of a NAA structure,
EMA permits to determine the effective refractive index of the nanostructured alumina
oxide as a mixture of materials. This approach permits to consider the 3D structure of
the NAA as a 1D-multilayer system.

Next, the Transfer Matrix Method (TMM) is introduced. TMM is a numerical
method for the study of the optical properties of a thin film multilayer system. This
method is based on the modelling of propagating and reflecting waves through the
interfaces of a layered or multi-layered structure. Usually this method is used in
combination with EMA.

For the analysis of the NAA considering its geometrical features (i.e. as a 2D-
dimensional photonic crystal), we introduce the fundamentals of Finite-Differences in
the Time Domain (FDTD) method. This is a rigorous and accurate method that permits
the analysis of the reflectance and transmittance spectra taking into consideration all

the subwavelength features of the NAA structure.
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Finally, a brief description of other numerical methods such as rigorous coupled-wave
analysis method (RCWA) and the finite element method (FEM) are given.

3.1 Modelling the NAA as a mixture of materials:

effective medium approximation

Y

The effective medium approximation (EMA) is not a numerical method in “strictus’
sense. EMA can be considered as a method to compute the effective refractive index
of a subwavelength structure (NAA in this case). As an approximation, EMA does
not consider all the characteristic features of the nanostructure, such as the geometric
arrangement of the pores, the diameters of the pores and the inter-pore distances.
Instead, this method employs a combination of the refractive index of each material
that compounds the nanostructure with its volumetric fill factor in order to determine
the effective refractive index of the corresponding mixture of materials. Figure 3.1
illustrates schematically the NAA pore structure in terms on the refractive index of
each material component and its approach when the EMA is applied. Figure 3.1.b
shows a schematic of the NAA structure in which the porous material (treated as a
mixture of NAA and air) is approximated by a layer with a resulting effective refractive
index. The distribution in the Z direction of the effective refractive index of the whole
structure is plotted in figure 3.1.c.

Nevertheless, as we have seen in Chapter 2, the optical properties of the NAA
are affected by its nanostructure. The pore morphology of the NAA, consisting in
cylindrical empty pores with compact pore walls, influences the dielectric response of
the structure. Thus, when the geometric features of the NAA are much smaller than
the wavelength of the incident light (i.e. NAA structures produced with sulfuric and
oxalic acid electrolytes in mild anodization), retardation effects (i.e. effects due to the
finiteness of the speed of the light) can be neglected and EMAs can be applied. On the
other hand, for NAA with geometric features in the order of incident light wavelength
or bigger (such as those prepared with phosphoric acid electrolyte), other methods
(such as FDTD) are needed to deal with all the geometrical features of the NAA.

The effective medium approximations (EMAs) most commonly used are the Brugge-
man’s EMA [D.A.G.Bruggeman], the Maxwell-Garnet EMA [Markel2016] and the
Lorenz-Lorentz EMA [Han2014]. The three EMAs assume that the constituent parti-
cles are approximately spherical and with sizes much smaller that the wavelength of

the incident light. Additional EMAs can be used depending on the topology of the
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Fig. 3.1 (a) Schematic of NAA pore structure, (b) schematic of NAA pore structure
considering the effective refraction index for the porous material and (c¢) plot of the
real part of the effective refractive index in the Z direction.

NAA, such as Looyenga-Landau-Lifshitz (3L) EMA and Graded-index EMA. In the

next paragraphs all these effective medium approximations are briefly described.

3.1.1 Maxwell-Garnet EMA

The Maxwell-Garnet EMA can be considered when the structure to model is formed by
a homogeneous mixture of two components (labeled as 1 and 2 ). In this approximation,
the material 2 (material with lower amount) is surrounded by the material 1. Therefore,
the volumetric fill factor (f2) is lower than the corresponding for the material 1.
The equation for the obtention of the effective refractive index of the resulting
medium is
2

2
o (1=
n? + 2n} (1= A)

2 2
Ny — 1Ny

— 3.1

n3 + 2n? (3.1)
where n; and ny are the complex refractive index of each material, f; is the volume
fill fraction of the material 1, and n the effective refractive index to be computed

[Han2014]. Note that the model requires

fo=1-fi (3.2)
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3.1.2 Bruggeman EMA

The Bruggeman’s EMA is appropriate for structures with more of two material compo-
nents giving an effective medium which refractive index is related to the constituent
materials. The equation that provides the effective refractive index for a mixture of

several materials are
n —n?
E ( i — 3.3
Iz o 2+ 2n? (3.3)

where n; are the complex refractive index of each material, f; are the volume fill
fraction of each material, ¢ is the optical constant for each component and n the

effective refractive index to be computed.

3.1.3 Lorentz-Lorentz EMA

Another EMA that can deal with more of two components is the Lorentz-Lorentz EMA.
Using the same notation as the Bruggeman’s equation, the Lorent-lorentz equation

takes the form

(3.4)

3.1.4 Looyenga-Landau-Lifshitz EMA

Despite of previous EMAs are the most commonly and successfully used approxima-
tions, we also consider another model to describe the effective medium approximation.
Alekseev et al. [Alekseev2007] reported that the so-called Looyenga-Landau-Lifshitz
(3L) model was specially reliable for porous silicon structures. Concerning the NAA,
Santos et al. [Santos2016] applied the 3L model to NAA rugate filters (NAA-RF). The
authors correlated its experimental measurements with the predictions of the 3L model,
demonstrating the the NAA-RF structure can be described by the EMA.
The 3L EMA equation for the effective refractive index of the medium is

N
B=3" fmi? (3.5)
1=1

where n; are the complex refractive index of each material, f; are the volume fill factors,
and n the effective refractive index to be computed. And of course, it is required that

the equation
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Fig. 3.2 Schematic view of a multi-layered system composed of j layers of a isotropic
material with refractive n; and thickness L; respectively.

be satisfied.

3.2 Transfer Matrix Method

TMM is a numerical method for the study of the optical properties of a thin film layers
system. This method is based on the modelling of propagating electromagnetic waves
through the layers and interfaces of a layered or multi-layered structure. TMM is based
on the fact that if the electric field is known at the incident medium of the layer, then
according to the Maxwell’s equations and their boundary conditions continuity, the
field at the end of the layer can be calculated by simple matrix calculations.

In order to study the reflectance and the transmittance of electromagnetic waves
through a multilayer system we followed the same development performed by Cos in
[Cos2011]. The considered structure is the illustrated in the figure 3.2. The figure is a
schematic view of a multi-layered system composed of j layers of a isotropic material
with refractive n; and thickness L; respectively.

The refractive index profile for this one-dimensional structure is defined as



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

32 | Numerical methods for photonic structures based on NAA

No T < Tg
ny To < T <1
Ng 1 <T < To

n; Tj—1 <r <

Ne T <w

Considering electromagnetic plane waves, the electric fields can be written as

E = B(x)eTh=e®wt (3.8)

where the propagation is in the XZ plane and k is the the propagation wave vector.
Thus, the solutions for the electric field distribution in the m-th layer will be represented
by plane waves travelling to the right (incoming waves) and to the left (outcoming

waves),

Ein(@) = (A msle=on) 4. B, ibne(z=on)) (3.9)

where A,, represent the amplitude of the incoming wave and B,,, that of the outcoming
wave at the interface z = x,,, ¢ is the speed of the light, k,,, = wn,cos(6,,)/c is the x
component of the wave vector, w is the angular frequency and 6,, is the ray angle in
the m-th layer.

Using a matrix notation and imposing the continuity conditions at the interfaces,

the amplitudes at the interfaces can be related by

A A,
"Y' =D '.D, (3.10)
Bm—l Bm
where the matrix D is called the dynamical matrix, and can be expressed as
1 1 .
TFE polarization
N c0$(0m)  —nmcos(,)
D,, = (3.11)

T M polarization
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The matrix which describes the propagation wave in the incoming and outcoming

directions with in the m—th layer is

e

Py = (3.12)

where L, is the thickness of the m-th layer. Combining the eq. (3.12) with eq. (3.10)
a expression for the so-called transfer matrix for the m-th layer is obtained
M,, = D} P,,D,, (3.13)

and thereby, the transfer matrix for the whole multilayer system will be given by

J [Mn M12} (314

M= [ M, =
II A4él A452

The matrix expressed in eq. (3.14) permits to relate the electric field amplitudes in

the incident medium with those in the emergent medium,

Ao
By

Ae

5 (3.15)

_ | M Mo
My Mo

In the design of our structure (figure 3.2), we considered that the incident radiation
comes from the left to the right, that is from the medium with refractive index ng to

the one with refractive index n.. The coefficients of reflection and transmission are

defined as
_ (Bo My
"= (ZO)BE:O N (m> (3.16)
A, 1
b= (/TO)Be:o - (E) (3.17)
The reflectance and transmittance are defined as
My |?
R=Ir? =222 3.18
=1 (3.18)
T necos(6.) ‘t2‘ _ necos(0.) | 1 | (319)
nocos(6p) nocos(fy) | My
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:‘_é PML (Boundary conditions)

———— Reflection plane
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' Transmission plane

PML (Boundary conditions)

Fig. 3.3 Schematic concept view of the FDTD computational domain. The picture
shows the perfect matched layers (PML) boundary conditions, the reflection and the
transmission plane, the source plane and the structure.

3.3 Finite Differences in the Time Domain Method

The transfer matrix method is a simple and powerful method to calculate the reflectance
and transmittance of a stack of thin films layers. However, with TMM it was not
possible to investigate the optical properties of the NAA when all its subwavelength
features need to be considered. Neither is it appropriate when the optical properties
are influenced by aspects such as plasmonic and diffraction effects.

The Finite Differences in the Time Domain method (FDTD) is a numerical method
characterized by the accuracy and rigour in order to model the optical properties
(such as reflectance and transmittance) of structures taking into the account its sub-
wavelength features. FDTD is generally computationally intensive, requiring a large
amount of memory and computation time for some problems. The figure 3.3 illustrates
a schematic concept of the FDTD computational domain.

In 1966, Yee [Yeel966] demonstrated how to obtain the Maxwell’s equations solu-
tions numerically for a boundary condition for a perfect conductor. Posterior works,
such as Taflove et al. [Taflovel975] and Taflove [Taflove1980] promoted this method.
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3.3.1 The Yee procedure for a finite differences system equa-

tions equivalent to Maxwell’s

The numerical procedure consisted to introduce a set of finite differences for the differ-
ential equations which can be solved evaluating the fields components at appropriate
chosen points. This mathematical procedure involved a discretization of the space into
computational spatial cubes forming a 3D lattice in which each cube (Yee’s cube) is
the unit cell of the lattice.

To describe the Yee procedure we will follow that reported in [Yeel966] and
[Taflovel975]. The Maxwell’s equations (3.20 - 3.23) for a isotropic medium are the

starting point:

D=c¢cE (3.20)
B=uH (3.21)
. OB
E=-—" 3.22
V x T (3.22)
. 9D -

where ¢ is the permittivity and g the permeability of the medium. Considering a
three-dimensional Cartesian coordinate system and expanding the egs. (3.22) and

(3.23), a system of 6 scalar equations is obtained

0E, 0E, 0B,

- (3.24a)
aabiz B 86% _ 885t’y (3.24b)
aalzx B 6(% _ _5019; (3.24¢)

a;yrz B aafiy _ @{ix s (3.24d)

oH, OH. 9D, v, (3.24e)

0z ox ot
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oH, OH, oD.
_ 9% . 24
or oy o % (3:24f)

Using the same notation that Yee in [Yeel966], a point and any function of the space

and time in the spatial grid can be designated as

(i, 4, k) = (iAz, jAy, kAz) (3.25)

and

F"(i,j, k) = F(iAx, jAy, kAz,nAt) (3.26)

respectively, being Az = Ay = Az the space increment and At the time increment.

Next, using the central difference approximation

@) o+ Ax/2) = flzo — Ar/2)
|~ A ’ (3:27)

r=x0

the function F' can be approximate such as reported by Taflove et al. in [[Taflovel975]]

OF™(i, j, k) B Fri+1/2,75,k) — F*"(i —1/2,j,k)
0x N Ax

(3.28)

OF"™(i,j, k)  F"V2(i 4 k) — Fr=12(i, §, k)
ot B At ’
considering Ax sufficiently small to neglect all the higher order terms in the approxi-

(3.29)

mation.

The approximation of F' can be employed with E and H to replace the derivatives
in (3.24a - 3.24f) with finite differences. To do this, the fields components are evaluated
in the unit cell of the Yee cube [Yeel966] as illustrated in figure 3.4. At the same
time, the components of E and H are evaluated at alternate half-time steps. This
distribution of the points at which E and H fields are evaluated is key to the method, as
every point at which E is evaluated is surrounded by six points at which H is evaluated
in the previous half-time step, two in each direction of space. That leads the equation

system (3.24a - 3.24f) into a discrete finite difference system
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2]

H. %,
I 1 .............. ® H field components
? ® E field components

I I:TJ
.

1
=N

b t‘]

&

Fig. 3.4 Schematic view of the 3D Yee cell. The picture shows the positions of
components of the E and H. The components of E (orange arrows) are positioned in
the middle of the edges whereas the components of the H (blue arrows) are placed in
the centre of each face. The arrows indicate the directions of each field component.

E2i,j+ 1,k +1/2) — E2i,j, k +1/2)
Ay
Er(i,j+1/2,k+1) — E'(i,j+1/2, k)
Az
B2, 5 4+1/2,k+1/2) — B Y2(i,5 +1/2,k +1/2)
At

_ (3.30a)

ErMi+1/2,5,k+1)— EXi+1/2,5, k)
Az
Er(i+ 1,5,k +1/2) — Er(i,j,k+1/2)
Az
B2 (i 4+ 1/2,5,k+1/2) — BrY2(i4+1/2,j,k + 1/2)
At

= (3.30b)
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Er(i+1/2,j+1,k)— Er(i+1/2,5,k)
Ay
Er(i+1,5+1/2,k) — ENi,j+1/2,k)
Az
B2 41/2,54+1/2,k) — B»V2(i4+1/2,j +1/2, k)
At

— (3.30¢)

HMY2(3 41/2,5 4+ 1/2,k) — HY2(i +1/2,5 — 1/2, k)
Ay
H'(i+1/2,5.k+1/2) — HP (i — 1/2,5,k — 1/2)
Az
D™Mi+1/2,5,k)— D Y(i+1/2,5,k)
At

_ (3.30d)

+ J Y214 1/2,5, k)

Hyt V20,5 +1/2,k +1/2) — Hp V(0,5 4+ 1/2,k — 1/2)
Az
H(i+1/2,5+1/2,k) — H(i — 1/2,5 4+ 1/2,k)
Ax
Dr(i,j+1/2,k) — Dr='(i,j +1/2,k)
At

— (3.30e)

+ V20, + 12, k)

H' Y204+ 1/2,5,k +1/2) = HP7V2(i = 1/2, 5,k +1/2)
Ax
H'(i,j+1/2,k+1/2)— H!i,j—1/2,k+1/2)
Ay
D™i,j, k+1/2) — D" (i, j, k +1/2)
At

_ (3.30f)

+ T2 (0 4 k4 1/2),

in which the current value components of E depends only of the previous values of H

and vice versa.

3.3.2 The stability criterion

In order to ensure the stability and the accuracy of the method, it is required that the
electromagnetic field does not must change significantly under a increment of the space
grid. Taflove et al. in [Taflovel975] reported that
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Ar = Ay = Az (3.31)

must be a fraction of the minimum wavelength or the minimum dimensions of the
scatterer. The authors reported that the condition to guarantee the stability of the

mathematical procedure is

1
1 1 1
Vas + &n t e

where the v,,,, is the maximum wave phase velocity

Umaz At =

(3.32)

3.3.3 The boundary conditions

In order to avoid numerical contributions of the boundaries of the computational
domain that reverberate in unwanted reflections, appropriate boundary conditions
(BC) must be applied. Several BC can be implemented in FDTD, but for the study on

the reflectance and transmittance in NAA we focused in absorbing and periodic BC.

Absorbing boundary conditions (ABC) :

The most commonly ABC used is the perfectly matched layer (PML) developed
by Berenger in [Berenger1996]. The technique is based in the employment of
a layer designed to absorb the electromagnetic waves and avoid the numerical
reflections of these from the interfaces that delimits the FDTD unit cell.

In this thesis we have used a commercial-grade FDTD-based simulator [Lumerical].
The software permits users directly choose the necessary parameters that control

the PML absorption properties, even choose between predefined profiles.

Periodic boundary conditions (BC) :

Periodic BC are simple and enable for modelling when periodic structures such as
NAA are considered. Additionally, the software we used [Lumerical| has further
BC implemented. One of them is that the program called Bloch BC, which can be
applied if the structure is periodic but a phase shift appears in the fields between
each period. Another one is the symmetrical /anti-symmetrical BC, which can be

used when the problem under consideration has one or more planes of symmetry.
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Fig. 3.5 Schematic concept view of the RCWA computational domain. The picture
shows the regions within the domain: a incoming region, a grating region and a outgoing
region. In the grating region, the periodic structure is decomposed in a system of
multiple layers that are uniform in the Z direction.

3.4 Other numerical methods

3.4.1 The rigorous coupled wave analysis

In the study of periodic optical structures such as NAA, the rigorous coupled wave
analysis (RCWA) [Moharam1995] is one of the most widely numerical method employed.

RCWA is a semi-analytical frequency-based numerical method that permits the
simulation of the optical properties of, for example, periodic structures. This method
considers three regions in its computational model: the incoming region, the grating
or nanostructured region and the outgoing region [Mirotznik2010]. Figure 3.5 can
illustrate a geometrical conception of the RCWA modelling. The incoming region is
the system region formed by a superstrate. Generally is assumed that corresponds to
an infinite half-spaced dielectric media index with a lossless refractive index n;pcidgent-
The grating region may be formed by a periodic nanostructured medium. The periodic
structure is decomposed in a system of multiple layers that are uniform in one direction
(such as Z direction) of its computational domain. The outgoing region corresponds
to the substrate, which can be assumed as another infinite half-spaced with a lossless
refractive index Moutgoing-

Due to the periodicity of the structure, in order to calculate the field inside the
grating, this is decomposed in terms of their Fourier series. This expansion transforms

the Maxwell’s partial differential equations into a system of ordinary differential
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Fig. 3.6 Schematic concept view of the FEM meshing. The picture shows a diagram of
(a) a NAA structure and (b) the corresponding with triangular meshing,.

equations which can be solved as a eigen-value problem. The boundary conditions of
continuity of the tangential components of E and H at the interfaces are employed
to obtain a system of linear equations. Thus, truncating this system of equations the

amplitudes of the propagating fields can be calculated with a specified level of accuracy.

3.4.2 The finite element method

The finite element method (FEM) is a frequency-based optical method that gives
approximate values of the E and H at a set of discrete points in the computational
domain. The numerical method is characterized by divide a larger problem into a
set smaller ones called finite elements. FEM uses a meshing procedure to discretize
the domain using small entities with a well-known shape such as triangular polygons.
Then, these elements are modelled with set of equations which can be solved separately
for tiny simulations or iteratively assembled in a bigger system of equations that model
the entire problem [Han2014]. Therefore, the meshing plays a determinant role on the
accuracy of the FEM model. Figure 3.6 illustrates a schematic computer view of a
NAA triangular meshing.

In contrast with other methods, such as the TMM or the RCWA methods, the
FEM method works in the real space handling finite real systems. Just to cite an
example, Andonegui et al. [Andonegui2013] studied the transmissions coefficients, the
band structures and the quality factors of several two-dimensional photonic crystals
employing the finite element method. The authors also made an assessment of the
FEM method comparing its results with those achieved using the plane wave expansion
and the FDTD methods.
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Chapter 4

Analysis and modelling of the
optical behaviour of the NAA

The capacity to predict the optical behaviour of NAA is critical in order to design and
develop future applications based on this material. In this process, it is crucial to have
a solid theoretical framework that permits to establish the foundations for the analysis
of the optical behaviour and the performance of the future devices. In this respect, the
FDTD method for mathematical modelling described in the Chapter 3 provides the
adequate method for the optical modelling of NAA structures.

In this chapter, an assessment on the capabilities of the FTDT method as a scheme
for the numerical modelling of the optical properties of the NAA structures is presented.
To this end, a geometric modelling procedure was described and evaluated by applying
the EMA-TMM and the FDTD numerical methods on two types of NAA structures with
different structural parameters. Finally, the optical response of each NAA structure

considered was analysed.

4.1 Introduction

Investigations in research areas such as biotechnology [Macias2013, Baranowska2014,
Santos2013a], energy [Aryal2008, Huang2008] and medical science [Kumeria2012a,
Gultepe2010, Losic2009, Anglin2008] are some examples where the NAA has shown
its increasing relevance. A particularly important aspect of such nanomaterial is
the study of their optical properties. These are decisive in the development of
devices or applications based on the behaviour of the light interaction on NAA

structures, as for example in optical biosensing or in photovoltaic energy conver-
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sion [Alvarez2009, Anglin2004, Balderrama2015, Santos2014, Ferre-Borrull2015]. The
suitability of NAA for being used in optical biosensing lies in their optical properties in
the visible range [Kumeria2014, Kumeria2012], their chemical and biochemical stability
and compatibility [Kumeria2014a] and the high tunability of their structural parame-
ters [Lee2006a, Ferre-Borrull2014]. Additionally, the NAA provides a structure that
facilitates an important requirement: a selective identification of the analytes [Lin1997].
The NAA structures present a high surface area in relation with their volumetric size
and their pores can act like containers or holders of physical objects like analytes.
These features confer NAA the possibility to study the analyte binding process not
only in a planar way but also in depth. The combination of all of these properties with
a high sensitivity and selectivity [Gyurcsanyi2008] makes the NAA a good candidate
to be used as a platform material, especially when compared with planar geometries.

On the other hand, another significant aspect in optical biosensing must be consid-
ered: a transduction mechanism [Lin1997]. That is, the biosensor must have a system
thereby the detection of the analytes results in a measurable and quantifiable optical
signal. There are some sensing approaches currently being adopted in research for this
purpose. Several of them were reported by Kumeria et al. where the authors classify in
detail different detection methods, both optical and physical [Kumeria2014a]. Taken
together, these features make NAA structures particularly appropriate as a platform

for optical biosensing.

Having introduced the suitability of the NAA for optical biosensing and having
established their optical properties as a key point, we will now move on to discuss
the different considerations to take into account in order to perform the numerical
modelling. As was explained in Chapter 2, the optical properties of the NAA are very
sensitive to the anodization conditions. Specifically, the acid electrolytes commonly
used in the fabrication process strongly influence the NAA structural parameters
[Kumeria2014a] and the chemical composition of the constituents materials. Therefore,
the different geometrical and chemical characteristics have to be considered for the
optical modelling of NAA. With regard to the geometrical characteristics, the main
structural parameters of NAA (the interpore distance (d;,:), the pore diameter (d,), the
barrier layer thickness (), the pore length (L)) have to be included in order to model
the optical properties. In addition to these geometrical parameters, further structural
features must be considered in the numerical modelling. These are the corresponding
to the interfaces texturization occurred during the alumina growth process, when a

hemispherical concavity pattern of the interfaces is conferred. Concerning the chemical
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characteristics of the NAA structure and in addition to the optical constants of the
different material constituents, it is clear that anionic species have migrate from the
acidic electrolyte to the NAA modifying the chemical composition of the alumina.
This modification does not only affect to the chemical composition but also the spatial
distribution of the optical properties of the NAA. Several authors reported that the
NAA structures display an onion-like layered structure in the chemical composition of
the pore wall oxide, being the layer closest to the pore the one with the highest anion
concentration. However, the number of layers that forms the pore wall is different for
distinct investigations: some authors [Santos2014a] reported that the number of layers
is four, whereas others [Thompson1997] reported only a dual layer structure in the

pore wall for the distribution chemical composition.

Let us now to consider the numerical methods employed to predict the optical
behaviour of the NAA. As we said previously at the beginning of this chapter and
detailed in chapter 3, the TMM is a numerical method widely used not only for
modelling the optical behaviour of thin films [M.Born1999] but also photonic crystals
[Joannopoulos2011, Whittaker1999] for instance. In order to model the NAA structure
with TMM, the refractive index of the porous alumina must be obtained. To achieve
this, we can employ an effective medium approximation (EMA), for instance such as
of Bruggeman or Maxwell-Garnett [Bosch2000, Bosch2001], and obtain an effective
refractive index corresponding to the porous alumina. However, when modelling the
NAA produced with some acidic electrolytes (phosphoric acid electrolyte, for instance)
the consequent patterning in the substrate and the top of the structure results in
non-flat interfaces. Besides, the dimensions of some structural parameters, like the
pore diameter and the interpore distance, reach values between 400 nm and 500 nm,
being in the order of the wavelength of the incident light for applications working in
the visible. As a consequence, although EMA-TMM can be used in many cases, it
is clear that EMA is not a suitable option for all the range of the NAA structural
parameters and, therefore, other numerical modelling methods have to be employed.
From the different existing methods, described in the previous chapter, the ability to
deal with complex structures and the accuracy makes the FDTD method the chosen
for our purpose. Our objective is to evaluate the capabilities of FDTD as a framework
for the numerical modelling of the optical properties of NAA when all the features
described above are considered. Furthermore, we also establish the conditions in which
EMA-TMM is adequate for the simulation of NAA by comparing its results to FDTD

and to experimental measurements.
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400 nm

Fig. 4.1 SEM images of the NAA structures. (a) Top view SEM image for short
interpore distance NAA. (b) Top view SEM image for long interpore distance NAA.
Adapted from [Berto-Rosello2016].

In this sense and to assess the accuracy of the method, two types of NAA samples
with distinct structural parameters were prepared. The first type was produced with
oxalic acid electrolyte obtaining NAA structures with short interpore distances, whereas
in the second type, the NAA structures obtained have long interpore distances and
were produced with phosphoric acid electrolyte. Reflectance spectra of these samples
were measured. Subsequently, in order to provide comparison, reflectance spectra of

these real samples simulations were performed with different numerical methods.

4.2 Fabrication and characterization of the NAA

samples

The two-step anodization process [Masudal995, Masudal997] described in Chapter
2 was used to produce the NAA samples. We obtained two types of NAA samples
distinguished by different structural parameters. Figure 4.1 shows top view SEM
images of two of the samples. The first sample is produced with oxalic acid (0.3M,
40V, 5°C) as the electrolyte acid (figure 4.1.a). From the corresponding SEM image,
the main structural parameters for the samples obtained with this electrolyte were
estimated: interpore distance, d;y = 100 nm, pore diameter, d, = 21.5 nm, and pore
length (or equivalently, porous layer thickness), L= 1200 nm. The second sample is
obtained using phosphoric acid (1% wt. with ethanol, 195V, -5°C) as the electrolyte
(figure 4.1.b). In this case, the structural parameters characterizing the sample also

are estimated: d;,,; = 440 nm, d,=125 nm and L = 2400 nm. In these structures the
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Table 4.1 Porosity and alumina thickness for the different NAA samples

Parameter interpore distance
dips= 100 nm  d;,,;= 440 nm
Porosity (%) 4.19 7.31
Alumina thickness (nm) 1200 2400
100

Reflectance (%)
o1
o

_dmt =100 nm
=0 =440 Nnm
int

500 1000 1500 2000
Wavelength (nm)

Fig. 4.2 Measured reflectance spectra of NAA samples. Measured reflectance spectra of
NAA samples with d;,,; = 100 nm (produced with oxalic acid electrolyte), and d;,,; = 440
nm (produced with phosphoric acid electrolyte). Adapted from [Berto-Rosello2016].

porosity depends of d;,; and d, (eq. 2.2), and the aluminium substrate is preserved in
all the samples. The Table 4.1 summarizes the porosity and the thickness of the porous
alumina layer being of 4.19% and 1200 nm respectively for short-interpore distance
NAA, and 7.31% and 2400 nm respectively for long-interpore distance NAA.

In order to characterize the samples, spectroscopic reflectance measurements
were carried out. To this end, a Lambda 950 spectrophotometer from PerkinElmer
(Whaltham, MA,| USA) equipped with a tungsten lamp as the light source and using a
Universal Reflectance Attachment is used. The incidence angle is set very close to the
normal incidence (6°) and the wavelength range was set from 400 nm to 2000 nm.

One of the obtained reflectance spectra is shown in figure 4.2. Here, both spectra
are illustrated: the solid red line corresponds to the sample with d;,; = 100 nm, that
is, the sample with short interpore distances, whereas the blue solid line corresponds

to the sample with d;,,; = 440 nm equivalent to long interpore distances. In both cases
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EMA model

Neff—Al;03

Fig. 4.3 Schematic view of the EMA model where each compound layer has their
effective refractive index. The model consists of a three layered system formed by a
substrate layer with refractive index nguminium corresponding to the refractive index
of aluminium, a thin barrier layer with refractive index ngmine corresponding to the
non-porous alumina and a top layer with effective refractive index ness—aiumina—air
corresponding to the porous alumina.

we observe an oscillating behaviour due to the Fabry-Pérot interferences in the NAA
thin film. However, the picture shows a significant reduction of the reflectance in the

visible range for long interpore distances.

4.3 Design and numerical modelling

4.3.1 Effective medium approximation with TMM and limi-

tations to the approach.

As we have exposed in Chapter 3, in the case of thin film modelling with EMA, flat
interfaces and layers of homogeneous materials are considered. The EMA permits in
combination with TMM to obtain the effective refractive index of such layers when one
of the materials in the structure is actually a mixture of materials [D.A.G.Bruggeman].
The EMA simulations were designed by considering the structure as a multi-layer system,
where each compound layer has their effective refractive index. The figure 4.3 shows a
schematic view of the EMA model and how the resulting effective system is formed. This
picture shows a final system composed of a substrate and two thin film layers. One layer
is a thin barrier layer with refractive index, ngumina, corresponding to the non-porous

alumina, whereas the another one is a top layer considered as an amalgamation of air and
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Fig. 4.4 Plot of the measured and the calculated reflectance spectrum using EMA
model with TMM. a) d;,,= 100 nm and b) d;,;, = 440 nm. The red dots represent the
measured reflectance spectra and the green dashed line the EMA-TMM result for the
flat interfaces model. Adapted from [Berto-Rosello2016].

the alumina matrix with effective refractive index, nef¢—aiumina—air, corresponding to the
alumina porous layer. The substrate has a refractive index, nauminium, corresponding
to the refractive index of aluminium. The EMA provides the effective refractive index
of the porous layer as a mixture of the refractive indices of the air that fills the pores
and the refractive index of the alumina. This effective refractive index of the porous
alumina can be calculated by means of the Bruggeman’s formula, considering the
refractive index of the non-porous alumina from ref. [Palik2012].

The reflectance calculations are performed with TMM as a computational tool, and
the obtained results are shown in figure 4.4. Figure 4.4 shows a comparison between the
reflectance spectrum calculated using the EMA-TMM approximation and the measured
reflectance spectrum. Figure 4.4.a corresponds to NAA with an interpore distance of
diny = 100 nm (short interpore distance) while Figure 4.4.b corresponds to an interpore
distance of d;,; = 440 nm (long interpore distance). The oscillating behaviour of the
measured spectra observed are due to the Fabry-Pérot interferences in the alumina thin
film. However, for long interpore distances NAA a strong reduction of the measured
reflectance is observed in the visible range. The EMA-TMM simulation method is
able to reproduce the aforementioned oscillation behaviour but fails to predict the
decrease in reflectance for long interpore distance. The possible source of the divergence
between the measured and simulated reflectance spectra may lie in the suitability of
applying EMA as a modelling tool. It should be noted that EMA considers that the
distinct materials that build into the effective medium have characteristic structural

parameters much smaller than the wavelength of the incident light. However, when the
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Fig. 4.5 Schematic view of the FDTD computational domain: R denotes the reflectance
monitor, NAA denotes the structure, PML denotes de perfect matched layers and the
source are explicitly indicated.

wavelength becomes of the order of the wavelength of the visible range, the previous
statement is not satisfied being particularly noticeable for the long interpore distance
NAA structures. It could be inferred therefore that EMA can be adequate to reproduce
the measured reflectance spectrum for short interpore distance NAA which structural
parameters in the order of the incident wavelength. Nevertheless, when the geometric
parameters are of the order of the wavelength of the incident light, the EMA is no
longer adequate and it is necessary to employ an alternative numerical method to
deal with the geometrical features of a wide range of structures. The method we have

chosen is FDTD because of its accuracy and ability to deal with complex structures.

4.3.2 FDTD modelling

In order to model with FDTD, we follow the modelling procedure established in

the previous chapter, using a commercial-grade FDTD-based simulator [Lumerical].
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First, the definition of the computational domain for the FDTD calculations must
be established. Therefore, for each interpore distance considered, the computational
domain used in the simulations (Figure 4.5) has dimensions of d;,; nm in the X
direction, V/3d;,; nm in the Y direction and 14000 nm in the Z direction. The structure
to simulate consists in a hexagonal array of cylindrical pores in an alumina matrix
perpendicular to the surface, onto an aluminium substrate. The NAA structure was
designed from a triangular unit cell in order to reproduce the hexagonal arrangement of
pores and was placed in the centre of the computational domain. In the way that the
domain was designed, the computational cost for this kind of simulations could be very
intensive. Fortunately, the NAA platform exhibits a 2D-photonic crystal symmetry
(Figure 4.6). Therefore, we took advantage of the symmetry of the structure in order
to reduce the computational time. We applied periodic boundary conditions in the X
and Y directions. The computational time was reduced in a 25% and the periodicity
leading for an infinite structure in these directions was preserved. For the Z direction
the situation was quite different. Computationally, the interacting light with the
boundaries of the computational domain in this direction can introduce non-physical
reflections with origin in the numerical procedures back again in the unit cell. Thus,
we established perfectly matched layers (PML) as a boundary condition, which will
absorb the light in this direction and avoid the unwanted reflections. Next, the optical
constants of each material we used were defined. The software we used has their own
material database (based in ref. [Palik2012]) for the complex refractive index of each
compound. The optical source was plane wave incident on the alumina layer side with
wavelengths in a range from 400 nm to 2000 nm. The direction of propagation was
backwards in the Z direction and perpendicular to the structure (X-Y plane). Finally,
a monitor (Figure 4.5) at the top of the NAA structure to collect the optical reflectance
spectrum as a function of wavelength was included.

The refractive index distribution profile of the NAA structure depends, among
others, on the geometrical parameters and also on the chemical properties of the NAA.
Therefore, four distinct geometric models are taken into consideration in different
FDTD simulations: i) a initial model that considers the aluminium-alumina interface
flat, ii) a second model that considers the interface between the aluminium substrate
and the alumina layer texturized with the hemispherical concavities, as well as the
alumina barrier layer and the top surface of the alumina layer, iii) a third improved
model that considerate a conformal anionic layer in the inner pore wall layer with

distinct optical properties and iv) a last fourth model which contemplates absorption in
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Fig. 4.6 Schematic planar view of the FDTD unit cell: the black circles denote the
pores in a hexagonal arrangement, while the red square denotes the unit cell in the
XY plane. Adapted from [Berto-Rosello2016].
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Fig. 4.7 Schematic draw of the different geometrical models. a) First model with flat
interfaces between the aluminium substrate and the porous layer. b) Second model with
the texturization of the interfaces with hemispherical concavities. ¢) Third and fourth
models with the dual layer structure in the pore walls, without and with absorption,
respectively. Adapted from [Berto-Rosello2016].

the anionic layer. Each model differs from the previous one in a increasing complexity
of the geometry and of the refractive index distribution

Figure 4.7 represents a schematic draw of these models. The key parameters
specified in the picture are d;,; as the interpore distance, d, as the pore diameter, ¢,
as the pore wall thickness, L as the pore length and ¢, as the barrier layer thickness.
Additionally, the Table 4.2 summarizes these values for each kind of NAA.
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Table 4.2 Key parameters of the NAA for each interpore distance considered. Adapted
from [Berto-Rosello2016].

Key Parameter interpore distance
ding= 100 nm  d;,;= 440 nm
L(nm) 1200 2400
d, (nm) 21.5 125
tb (nm) 0.5 dint 0.5 dint
100, 100
b)
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Fig. 4.8 Plot of the calculated reflectance spectrum and the averaged spectra using the
procedure to take into account the non-periodicity of the pores in the FDTD simulations
for NAA structures with long interpore distances. a) Calculated reflectance spectra
showing the peaks associated with diffraction modes. b) Average of the calculated
reflectance spectra.

Procedure to take into account the non-periodicity of the pores

These FDTD simulations are performed considering a NAA structure with an ideal
hexagonal arrangement of the cylindrical pores and completely periodic. The optical
reflectance spectra obtained in the simulation of NAA periodic structures, shows peaks
associated with diffraction modes in the visible range (figure 4.8.a). These diffraction
features are particularly relevant for NAA structures with their interpore distance in
the order of the incident light wavelength. However, the measured spectra are absent
of this kind of diffractive effects. The reason of these discrepancies lies in the fact that
real NAA structures have a non-ideal pore ordering and their pore arrangement is
broken into domains. Therefore, the disorder or the broken order of the NAA has to be
contemplated although we considered perfectly ordered NAA structures when perform

the simulations. Thus, we followed a procedure described in [Porta-i-Batalla2016] to
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Fig. 4.9 Plot of the measured and the calculated reflectance spectrum using FDTD
considering the flat interfaces. a) d;»= 100 nm and b) d;,; = 440 nm. The red dots
represent the measured reflectance spectra and the blue solid line the FDTD result for
the flat interfaces model.

take into account the non-periodicity of the pores in the FDTD simulations for NAA
structures with long interpore distances (figure 4.8.b).

Flat interfaces

The first model we considered consisted of a layer of NAA on a flat aluminium
substrate (figure 4.7.a).

spectrum calculated using the FDTD method considering flat interfaces and the

Figure 4.9 shows a comparison between the reflectance

measured reflectance spectrum. Figure 4.9.a corresponds to NAA with an interpore
distance of d;,; = 100 nm (short interpore distance) while Figure 4.9.b corresponds
to an interpore distance of d;,; = 440 nm (long interpore distance). In the same way
that occurs with the EMA approach in the case of short interpore distances NAA, the
oscillating behaviour of the measured spectrum can be also reproduced with FDTD
with flat interfaces. However, in the case of long interpore distance NAA, the FDTD
method leads to the same result as obtained with EMA-TMM, and does not reproduce
the strong reductions of the reflectance observed in the range from the near-infrared to
the visible range.

Figure 4.10 shows the simulated reflectance spectra with both methods (EMA-
TMM and FDTD with flat interfaces) and the measured reflectance spectra, in order to
establish a comparison. Figure 4.10.a corresponds to NAA with short interpore distance
(dine = 100 nm) while Figure 4.10.b corresponds to the long interpore distance (d;,; =

440 nm). The reflectance scales of these two figures are adjusted to maximize visibility
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Fig. 4.10 Comparison of the measured and the calculated reflectance spectra by means
of EMA and FDTD considering the flat interfaces. a) d;,;= 100 nm and b) d;,; = 440
nm. The red dots represent the measured reflectance spectra, the green dashed line
the EMA result and the blue solid line the FDTD result for the flat interfaces model.
Adapted from [Berto-Rosello2016].

of the results. As previously stated, both simulation methods are able to reproduce the
oscillation behaviour but fail to predict the decrease in reflectance for long interpore
distance. However, the structural parameters of the NAA with long interpore distances
are in the order of the wavelength of the incident light. Furthermore, these results
indicate that although the FDTD method is able to take into account naturally the
different characteristic sizes of the NAA, the presumption of flat interfaces for long
interpore distance in the visible region is not adequate.

Consequently, the geometric model must be improved in order to take into con-
sideration the geometric features of the NAA, such as the hemispherical concavities

placed in the substrate and in the top of the alumina layer.

Texturization of the interfaces

To incorporate the particular NAA nanostructuring to the investigation we consider the
second model. This takes into account the texturization of the interface between the
aluminium substrate and the alumina layer with hemispherical concavities. Additionally,
it also considers the texturization of the alumina barrier layer and the top surface
of the alumina layer. Figure 4.7.b shows a schematic cross section of this improved
geometric model with a new pore morphology with texturized interfaces, maintaining
the same structural parameters as those depicted in Figure 4.7.a.

Figure 4.11 shows the same measured spectra and the same calculated spectra with

FDTD with flat interfaces as in Figure 4.10 as a reference to evaluate the influence of



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

56 | Analysis and modelling of the optical behaviour of the NAA

1001— : : 100 : —
b) S .Cb‘ . SR '.."
[T :ﬁ: < *
R
80 s I
o E

— —~~ ‘
g S
° o 60r
o o
c c
g g
o o
e 2 40
7] 3}
24 o

201

65} * Measured * Measured
= = = FDTD: flat interfaces = = = FDTD: flat interfaces
60 == EDTD: texturized interfaces 0 == FDTD: texturized interfaces
500 1000 1500 2000 500 1000 1500 2000
Wavelength (nm) Wavelength (nm)

Fig. 4.11 Comparison of the measured and the calculated reflectance spectra by means
of FDTD considering flat interfaces and the texturized interfaces. a) d;;= 100 nm and

b) din: = 440 nm. The red dots represent the measured reflectance spectra, the green
dashed line the FDTD with flat interfaces result and the blue solid line the FDTD
result for the texturized interfaces model. Adapted from [Berto-Rosello2016].

the texturization of the interfaces. Besides, in figure 4.11 is also depicted the result
of FDTD when the texturized interfaces are considered. Concerning short interpore
distances NAA (figure 4.11.a), both calculated spectra shows a good agreement with the
measured spectrum, revealing a better adjustment in the case of FDTD with texturized
interfaces. A closer analysis reveals a smaller difference between the reflectance spectra
in the IR region, while in the visible region a better adjustment of the amplitude of
the oscillations was achieved. Instead, major differences between in the simulated and
measured reflectance spectra for long interpore distance NAA structures (figure 4.11.)
are observed. The strong reduction of the reflectance in the visible range is replicated by
FDTD. The explanation to this substantial reduction of the reflectance could lie in the
scattering produced by the nanopatterning of the NAA with the interaction with the
incident light. The characteristic dimensions of the long interpore NAA become similar
the wavelength of light and therefore this scattering is more intense than for short
interpore distance NAA. This result lead us to assume that for a convenient modelling
of NAA structures in a broad range of interpore distances, it is crucial to incorporate
into the model the texturization of the aluminium-alumina interface. Additionally, this
result also suggests FDTD as the most suitable method for the simulations.
Although the ability of this model in the replication of the reflectance for a wide
range of NAA structures has been proved, a more accurate adjustment of the oscillations
remains pending. Until now the only considerations incorporated to the model are

geometrical. As we have seen in Chapter 2 and in the introduction, the fabrication
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Table 4.3 Widths and refractive indexes of the anionic layer for each kind of NAA.
Adapted from [Berto-Rosello2016].

Key Parameter interpore distance
ding= 100 nm  d;;,;= 440 nm

to (nm) 2 dim 2 di

Nanionic layer 1.67 1.67

conditions of the NAA influences the structural parameters as well as the chemical
composition of the alumina. Therefore, we can evolve the pore morphology model into
a new third model that takes into account, in a geometrical manner, chemical features

of the structure.

Consideration of the existence of anionic species into the alumina in the

geometric model

As we said in the introduction of this chapter, during the electrochemical process exists
an incorporation of anions from the electrolyte acid to the NAA. This incorporation
influences the chemical composition of the NAA and in consequence its optical proper-
ties. In order to incorporate these anionic species as a result of the electrolytic acid
action, a third model is developed. This model is schematically depicted in Figure
4.7.c. Here, starting from the second model which considers the texturized interfaces,
we take into account the anion addition by considering a double layer structure in the
pore wall. The modelling is performed by considering such double layer structure in
the computational domain. Figure 4.7.c shows a schematic picture of the texturized
model with the consideration of the anionic layer in the pore wall, where ¢, indicates its
width. The first layer forms the inner pore wall without incorporated anions, and the
second layer forms the outer pore wall (nearest to the pore and depicted in a different
colour) with a higher anion concentration. This layer extends from the alumina-air
interface within the pore up to about two thirds of the barrier layer [Thompson1997].
The refractive index of this anionic layer is different from the bulk alumina. The table
4.3 shows the widths and the refractive indexes of the anionic layer we considered.
Figure 4.12 shows the simulated spectra considering the existence of the anionic
layer into the pore wall. As we did previously and to provide a reference, we included
both the measured spectra and the simulated spectra depicted in Figure 4.11 and
corresponding to the second model. In this way, it is easier to carry out an evaluation

of the contribution to the spectra of each incremental step in model complexity. We
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Fig. 4.12 Comparison of the measured and the calculated reflectance spectra by means
of FDTD considering the texturized interfaces and the anionic layer model. a) d;,,;= 100
nm and b) d;,; = 440 nm. The red dots represent the measured reflectance spectra, the
green dashed line the FDTD result for the texturized interfaces model and the blue solid
line the FDTD result for the anionic layer model. Adapted from [Berto-Rosello2016].

observe that the introduction of the anionic layer in the model contributes in a slight
way to the a better adjustment of the calculated spectrum. The figure 4.12.a shows the
simulated spectra related to the short interpore distance NAA. Analysing the graph, we
observe that in the visible region the variation introduced when considering the anion-
incorporated layer is quite small whereas in the infrared region the calculated reflectance
is reduced. Next, we analyse the measured and calculated spectra corresponding to the
long interpore distance NAA depicted in figure 4.12.b. When we focus in the infrared
region, the reduction in the reflectance observed in Figure 4.12.a also is observed here.
Besides, the amplitude of the oscillations also is reduced. Thus, these variations in the
calculated reflectance spectra contributes to a slight adjustment with the measured
spectrum. Therefore, we can make the statement that the inclusion of the anionic layer
into the model enhances the simulation of the reflectance spectra of the NAA.

On the other hand, it is known from literature, as stated in chapter 2, that the
phenomena of the absorption and emission of light of the NAA comes from the
incorporated anionic species. The next aspect of the study is to consider how the
incorporation of absorption in this anionic layer would affect the simulation of optical
properties of the NAA.

Consideration of absorption in the anionic layer

In order to deal with the absorption in the anionic layer, we updated our third model

by the addition of an absorptive term. Therefore, we developed a new model, the
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Fig. 4.13 Comparison of the measured and the calculated reflectance spectra by means
of FDTD considering the anionic layer model, with and without absorption. a) d;,;=
100 nm and b) d;,; = 440 nm. The red dots represent the measured reflectance spectra,
the green dashed line the FDTD result for the anion layer model without absorption
and the blue solid line the FDTD result for the anionic layer model with absorption.
Adapted from [Berto-Rosello2016].

fourth model, where the inclusion of this absorptive term in the anionic layer involves a
change in each component of the complex refractive index of the affected region. Thus,
we considered the same complex refractive index, Npsorptive anionic tayer = 1.67 4+ 0.0021,
for each kind of NAA. The results of the simulations for the model with the absorptive
anionic layer are summarized in figure 4.13. The figure 4.13.a corresponds for the
short interpore distances NAA whereas figure 4.13.b corresponds for the long interpore
distances NAA. In both pictures we also included the measured reflectance and the
simulated FDTD reflectance corresponding to the third model to use it as a reference.
Figure 4.13.a shows that the amplitude of the oscillations in the simulated reflectance
is slightly reduced when including an absorption in the anion-incorporated layer. If we
focus now in the infrared region, the simulated spectrum with the absorptive anionic
layer shows a better agreement with the measured spectrum in comparison with the
corresponding without absorption. This agreement even wipes out a deviant oscillation
present in the non-absorbing spectrum and absent in the measured spectrum. At
this point we focus on the long interpore distances NAA. The figure 4.13.b shows a
small shift of the simulated reflectance spectrum corresponding to the anionic layer
with absorption towards shorter wavelengths with respect to the simulated reflectance
spectrum with the corresponding anionic layer without absorption. Besides, the figure
also shows a minor reduction of the simulated reflectance for the absorptive anionic

layer what makes the simulated spectrum slightly more similar to the measured one.
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In summary, the consideration of an absorptive anionic layer into the model induces
a slight modification of the spectral Fabry-Pérot oscillations. This minor correction

represents a tiny adaptation of the spectrum.

4.4 Conclusions

In this chapter, we exposed a numerical procedure which is based on 3D FDTD
simulations in order to study their accuracy in the prediction of the optical behaviour
of the NAA structures with a wide range of interpore distances. To this end, we
collected reflectance measurements from real samples produced with oxalic (interpore
distance smaller than wavelength) and with phosphoric (interpore distance of the order
of wavelength) electrolytes. Subsequently, these real samples were simulated for each
corresponding type of NAA structure. Henceforward, we considered various models of
increasing geometric and chemical complexity in our simulations: i) a initial model that
considers the flat aluminium-alumina and alumina-air interfaces, ii) a second model
that considers the interface between the aluminium substrate and the alumina layer
texturized with the hemispherical concavities caused by the preparation procedures, as
well as the alumina barrier layer and the top surface of the alumina layer, iii) a third
improved model that considers a anionic layer in the inner pore wall layer with distinct
optical properties and iv) a last fourth model which contemplates absorption in the
anionic layer.

The analysis of the computed results endorses us to conclude:

e The limits of the EMA-TMM approach has been entrenched with the assumption
of flat interfaces between aluminium substrate and the alumina layer, and at the

same time supports FDTD as more convenient method to apply.

o The assumption of flat interfaces is not appropriate for long interpore distances
NAA. Although FDTD and EMA-TMM correctly predicts the optical behaviour
for short interpore distances NAA, both methods fail in the prediction of the

reflectance fall in the visible range for long interpore distances NAA.

o The consideration of the interfaces texturization leads to the expected reduction
of reflectance for long interpore distances NAA in the visible range, meanwhile
the reflectance for the short interpore distances NAA maintains a good agreement

with the measured data.
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o The inclusion into the model of an layer in the dual pore wall structure that
takes into account different optical properties (with or without absorption) is
traduced into a more distillate model predictions, leading to minor corrections of

the obtained spectra with a better adjustment with the measured spectra.

In summary, the results presented in this chapter show that in order to have precise
predictions of the optical behaviour of the NAA for a wide range of characteristics
parameters of the structure, the consideration of the texturization of the interfaces
is crucial. However, the consideration of the dual structure of the pore walls by the
addition of a layer in the inner pore wall with different optical properties into the
models introduces a next-to-leading order in the predictions, even though it allows a

slight adjustment with the experimental measurements.
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Chapter 5

Theoretical study of the optical
behaviour of gold-coated NAA for

optical biosensing

In this chapter, the optical response of a gold-coated NAA structure is analyzed using
our FDTD simulation model developed in the previous chapter. Our goal is to study
the suitability of gold-coated NAA structures as a platform for reflectometry-based
plasmonic biosensors. In this sense, we start the study with numerical simulation of
the reflectance spectrum of the gold-coated NAA structures. Next, the reflectance
spectrum is simulated upon the adsorption of analytes which is modelled as a conformal
“biolayer” on the gold coating layer and the inner pore walls. In this sense, a study
on the coupling of the incident light to a localized surface plasmon resonance because
of the nanostructuring provided by the pore arrangement with the absorption of the
biolayer is presented. Finally, a sensitivity study on the biolayer thickness and the gold

thickness is performed.

5.1 Introduction to plasmonic structures

Plasmonic structures have experimented a huge relevance in several investigation
fields such as optical devices [Dragoman2008, Maier2001, Yokogawa2012|, energy
[Atwater2010, Pillai2010, Nakayama2008], or in more specific areas such as sensing or
bio-sensing [Homola2008, Yanik2010, Nusz2009, Anker2008, Jain2008, Marinakos2007,
Lee2011]. In addition, the use of enhanced spectroscopies in optical biosensing by

means of enhanced spectroscopies has been widely reported. In this line, investigations
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Fig. 5.1 Schematic view of (a) the Kretschmann and (b )Otto configurations for surface
plasmon excitation.

on Surface Enhanced Fluorescence (SEF) [Damm2014, Abdulhalim2014, Gordon2008]
and Surface Enhanced Raman Scattering (SERS) [Abdulhalim2014, Srivastava2015,
Vo-Dinh2015] are some examples in the literature on the use of nanostructured plas-
monic thin films in biosensing.

In general, these plasmonic structures consist of planar or nanostructured metallic
elements which permit a sustained excitation of its surface plasmons (SP) [Zayats2005].
SPs are collective electronic excitations at a metal-dielectric interface that propagate
like an electromagnetic waves along its planar surface. These SPs can be excited with
an electromagnetic wave if the component of the wave vector of the incident light
parallel to the metallic surface matches the wave vector of the parallel component of
the surface plasmon. The SPs excitation can be carried out using different techniques
and also using different type of nanostructures. Thus, basically SP’s excitations can
be classified into propagating surface plasmons (surface plasmon polaritons, SPP) or
localized surface plasmons (LSP) [Gray2012].

There exist a wide variety of structures which can generate or provide a SPs
excitation. Concerning SPPs, among the structures that can provide this excitation, the
simplest one may be a metallic thin film on a dielectric substrate. The most commonly
mechanisms to excite the SPP with this kind of structures are the Kretschmann and
Otto configurations (figure 5.1). These configurations consist of illuminating a dielectric
prism under the appropriate reflection conditions with its base coated with the metal.
The incident light travels trough the prism and is reflected at the coated metal base.
This generates an evanescent wave which penetrates the metal thin film propagating
along its surface. Using the prism to adjust the incidence angle of the propagation the

wave vector of the evanescent wave can be matched to the wave vector of the surface
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Fig. 5.2 Schematic view of (a) metallic nanoparticles array and (b) metallic nanoholes
array.

plasmon, and therefore provide the optical excitations of the SPPs into the so-called
surface plasmon resonance (SPR) [Homola2008]. The sensing principle of the system
lies in the fact that the SPR is hugely sensitive to changes in the refractive index of the
surrounding medium up to distances of a few hundred of nanometres from the metal
surface.

On the other hand, LSPs are generated when the light interacts with metallic
nanoparticles with sizes smaller that the wavelength of the incident light. In that case,
this interaction leads to an oscillation of the plasmon around the nanoparticle with a
resonant frequency corresponding to those of the excitation light (LSPR). Similar to
the SPR case, the LSPRs are also very sensitive to changes in the refractive index of the
surrounding medium. In contrast with the SPPs, the LSPs can be excited simply with
the incident light without any intermediated mechanism. One of the most commonly
mechanism to optically excite the LSPs is using metallic nanoscatterers. Figure 5.2
illustrates such scatterers as a metalic nanoparticles [LeifJ.Sherry2005] or nanoholes
arrays [Kee2012].

5.1.1 Nanoporous plasmonic structures

In this chapter, we focus in structures with periodic arrays of nanoholes or nanopores
in a thin slab of metal as a type of nanostructures that can sustain LSPs excitation.
The periodic patterning of nanopores in a thin slab of a metal such a gold provides

the appropriate conditions to optically excite the LSPs [Kee2012, Sannomiya2011].
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Fig. 5.3 Schematic view of the grating mechanism to optically excite the LSPs by a
metallic nanoholes array. The nanopore patterning enables that the structure acts like
a diffraction grating providing the mechanism to excite the LSPs.

Indeed, the pore patterning enables that the structure acts like a diffraction grating
and therefore providing the mechanism to excite the LSPs (figure 5.3). Kee et al.
[Kee2012] studied the optical behaviour of the porous gold-coated structures varying
the pore diameter, the pitch, the gold film thickness, and the refractive index of the
environment around the holes. The authors confirmed, among others in the literature,
that the optical response corresponding to the LSPs generated or excited in periodic
arrays of nanopores are strongly dependent of their geometrical parameters.

In order to perform the optical detection of analytes with this kind of structures it
is necessary to consider the structures embedded in an aqueous medium. Formerly,
the metal surface is functionalized to enable or enhance the chemical or biological
binding analytes which finally are attached forming a biolayer. Figure 5.4 illustrates the
analyte process binding in a liquid environment. Figure 5.4.a shows a schematic picture

of the nanohole array with the analytes, whereas the figure 5.4.b shows a picture
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a) b)

Fig. 5.4 Schematic view of (a) the chemical or biological binding analytes (purple
spheres) in aqueous media (blue box) and (b) attached analytes forming a biolayer
(purple coating layer).

illustrating the biolayer formation by attachment of these analytes. This biolayer
changes the refractive index of the surrounding medium at the metal surface and into
the pores which, in terms of optical behaviour, is translated into a shift in the resonant
wavelength of the LSP [Stewart2008].

However, although this property makes this type of structures a suitable candidate
for optical sensing, an important drawback indicates that caution must be applied.
The current fabrication of very thin free-standing nanopatterned metal structures that
can sustain LSP excitation may be extremely difficult to make. From this fabrication
challenge, it is clear the necessity to take into account a substrate that allows to hold
the nanoporous metal structure. However, the adoption of a substrate is not without
its drawbacks. From the optical point of view, the chemical properties of the chosen
material are determinant in the optical properties of the whole structure insofar as
they significantly affect the optical response of the biosensor. Therefore, the choice of

the material to be used as substrate is crucial.

5.1.2 Nanoporous anodic alumina as a substrate for plasmonic

structures

Nanoporous anodic alumina (NAA) is a nanomaterial for which preparation technology
has reached a remarkable level of control on its geometrical, physical and chemical
properties by means of nanopore engineering [Ferre-Borrull2014].

Significantly interesting is the control over the interpore distance that can be

achieved using different electrolyte compositions (i.e. with different acids electrolytes).
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This distance fall up to in the range of a few tens of nanometres (using sulfuric
acid electrolytes) from a few hundred nanometres (using oxalic or phosphoric acid
electrolytes) [Kumeria2014, Lee2006a]. Additionally, the optical biosensing properties
has been widely reported in the literature [Santos2013, Macias2013, Baranowska2014,
Alvarez2009]. Reflectometric techniques can detect the changes in the refractive index
of the NAA structure induced by an attachment of the analytes and the posterior
formation of the bio-layer onto the inner pore walls. Thus, it is important to understand
how the optical properties of the NAA vary with formation of such biolayer.

Therefore, the nanostructure of NAA makes it a good candidate to be used as a
platform to hold a nanohole-structured gold thin film at its surface in order to realize
plasmonic sensing devices [Macias2013, Hernandez-Eguia2014]. However, it should be
noted that although the optical properties of these NAA structures are suitable for
enhanced spectroscopies such as SERS and SEF biosensing, these are out of the scope
of this work.

Here, we aim at studying, by means of numerical simulations, the suitability of
gold-coated NAA structures for optical bio-sensing as a platform a biosensor by means

of reflectometric techniques.

5.2 Description of the simulated structures

Figures 5.5, 5.6 and 5.8 illustrate the structures which we considered in the study of
the LSPR generation in gold-coated NAA.

The basic structure we have simulated is a NAA membrane (NAAM). This consisted
of a matrix of aluminium oxide with a hexagonal arrangement of cylindrical pores
perpendicular to the surface (figure 5.5.a). In addition, figure 5.5.b illustrates the
cross-section of two contiguous pores in this arrangement and indicates the main
characteristic geometric parameters, namely the interpore distance (d;,), the pore
diameter (d,) and the pore length or depth (L). In this chapter, we considered two
particular ranges of interpore distances: one corresponding to NAAM obtained with
oxalic acid electrolytes (short interpore distances) and the second corresponding to
NAAM obtained with phosphoric acid electrolytes (long interpore distances). The
values of these geometric parameters corresponding to NAAM with short inter-pore
distances were d;,; = 100nm and d,, = 33 nm, whereas for the long inter-pore distances
were dj,; = 450 nm and d, = 150 nm. In both cases, we considered L = 60 pm for the
pore length. Table 5.1 summarizes these geometric parameters for the NAA membranes

produced with each acid electrolyte.
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Fig. 5.5 Schematic view of the geometric model of the NAA membrane. The picture
shows (a) a perspective view of the NAAM and (b) a cross section view of the basic
geometric model, in which the main geometric parameters are indicated: the average
interpore distance (d;,:), the pore diameter (d,) and the pore length or depth (L).

Table 5.1 Structural parameters considered in each NAA platform

Structural Parameter Electrolyte acid

Oxalic  Phosphoric

L(pum) 60 60
d, (nm) 33 150
iy (n10) 100 450

The interpore distance values we considered have been taken from actual values
reported from literature [Berto-Rosello2016]. Concerning the pore diameter values,
they have been obtained from the interpore distance values by assuming an average
porosity of 10% and an ideal hexagonal arrangement. It should be noted, that the
porosity considered here is not casual. In Chapter 2, we have cited a key work of
Nielsch et al. [Nielsch2002] in which the authors demonstrated that in order to obtain
an optimum hexagonal pore arrangement in the self-ordered regimes using the two-step

mild anodization process, the values for the porosity have to be about 10%.

In order to investigate the existence of LSPR on gold-coated NAAM, figure 5.6.a
illustrates the same NAAM structure depicted in figure 5.5 with an additional gold
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Fig. 5.6 Schematic view of the geometric model of the NAA membrane with the gold
coating layer. The picture shows (a) a perspective view of the NAAM and (b) a
cross section view of the geometric model, in which the main in addition to geometric
parameters indicated in the figure 5.5, the gold layer thickness (Lgyq) are also named.
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Fig. 5.7 Schematic view of the structures simulated for comparison. The picture shows
(a) a continuous (non-porous) free-standing gold thin film, (b) a free-standing gold
thin film with equivalent pore configuration as the corresponding NAA membrane and
(c) a NAA membrane with the gold coating layer.

layer on top of the alumina matrix. Additionally, to provide a better readability of the
geometrical parameters of the gold-coated NAAM, the figure 5.6.b shows a schematic
picture of the pore structure with the gold-coating layer, where Ly stands for the
gold layer thickness. Here, at this point, a note it is necessary to point out. The gold

layer is coating the top surface of the alumina matrix and it is not entering the pores.
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Fig. 5.8 Schematic view of the geometric model of the NAA membrane with the gold
coating layer and the biolayer. The picture shows (a) a perspective view of the NAAM
and (b) a cross section view of the geometric model with the gold coating layer and
the biolayer indicating its main geometrical parameter, the layer thickness ¢,.

Experimentally such structure can be produced by evaporating or sputtering gold on
the NAA [Hernandez-Eguia2014].

In the simulations, this gold-coating layer thickness is varied between 20 nm and
70 nm. Three structures were considered for comparison and as reference, which are
illustrates in figure 5.7: (a) a continuous (non-porous) free-standing gold thin film
(figure 5.7.a), (b) a free-standing porous gold thin film and (c¢) a NAA membrane with
the gold coating layer (5.7.c). It should be noted that the free-standing porous gold
layer has a equivalent pore distribution as the corresponding NAA membrane.

The optical response of the different structures in the sensing process is simulated
by considering that the medium filling the pores is water, with a refractive index of
1.33. The adsorption of the chemical/biological species to be detected onto the inner
surface of the pores and on the gold surface was simulated as a conformal layer with
a refractive index that can be different with respect to the medium filling the pores
and with a given thickness (figure 5.8.a). From now on we will refer to this layer as
a “biolayer"'. Figure 5.8.b illustrates such biolayer and indicates its main geometrical

parameter, the layer thickness ¢,.
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5.3 Numerical modelling with FDTD and compu-

tational details

In order to model with FDTD, we follow the modelling procedure established in the
chapter 3, using a commercial-grade FDTD-based simulator [Lumerical]. First, the
definition of the computational domain for the FDTD calculations was established.
Figure 5.9 shows both the computational domain and the unit cell designed for the
simulations. Thus, the computational domain used in the simulations (Figure 5.9.a)
had dimensions of d;,; nm in the X direction, v/3d;; nm in the Y direction and 83
pum nm in the Z direction. The structure to simulate consists in a hexagonal array
of cylindrical pores in an alumina matrix perpendicular to the surface with a porous
gold-coating layer on the top with the same equivalent pore configuration. The NAA
structure was designed from a rectangular unit cell in order to reproduce the hexagonal
arrangement of pores and was placed in the centre of the computational domain (Figure
5.9.b).

As we have seen in chapter 4, and because of the domain definition, the computa-
tional cost for this kind of simulations could be very intensive. Taking advantage of
the symmetry of the structure (2D-photonic crystal), periodic boundary conditions in
the X and Y directions were applied in order to reduce the computational cost. As for
the previous chapter, the computational time was reduced in a 25% and the periodicity
in these directions was preserved. In the Z direction perfectly matched layers (PML)
as a boundary condition were established, which will absorb the light in this direction
and avoid the unwanted reflections. Next, the optical constants of each material we
used were defined. The software we used has their own material database (based in ref.
[Palik2012]) for the complex refractive index of each compound. The optical source
was a plane wave incident on the alumina layer side with wavelengths in a range from
400 nm to 2000 nm. The direction of propagation was backwards in the Z direction
and perpendicular to the structure (X-Y plane). Finally, a monitor at the top of the
NAA structure to collect the optical reflectance spectrum as a function of wavelength

was included.
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Fig. 5.9 Schematics of computational domain in FDTD. (a) Schematic view of the
computational domain: R denotes the reflectance monitor, NAA refers the structure,
PML for Perfectly Matched Layers and the source is explicitly indicated. (b) Plain
view of the FDTD unit cell: the red square denotes the unit cell in the XY plane.

5.4 Study of the LSPR excitation on gold-coated
NAA

In this section the sensing possibilities of the gold-coated NAAM with short and long
interpore distances previously introduced are assessed.

The calculations of the optical reflectance spectra are performed considering the
three structures previously defined (figure 5.7). Figure 5.10 shows the reflectance
spectra of gold-coated NAAM structures considering a gold thickness of 20 nm (black
curve). In the same figure the reflectance spectra of two related additional structures
are depicted: the corresponding for a free-standing non-porous gold thin film with the
same thickness (dotted green curve) and a free-standing porous gold thin film (dashed
red curve) also with the same thickness and with equivalent pore structure to the
NAAM. Although the considered free-standing structures in air are not a realistic case,
their spectra permit a comparison with those of the gold-coated NAAM.

Figure 5.10.a corresponds to short interpore distance NAAM produced with oxalic
acid electrolyte while 5.10.b corresponds to long interpore distance NAAm produced

with phosphoric acid electrolyte. For all the structures considered the reflectance
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spectra presents a similar behaviour: a gradual decrease with decreasing wavelength
with a significantly marked drop in the visible wavelengths.

For the short interpore distance structures (figure 5.10.a), it can be observed that
the reflectance of the free-standing porous gold thin film shows a minor dip around
600 nm, not present for the free-standing solid gold thin film. Such a little dip
observed in the porous gold thin film is in good agreement with the predictions of ref.
[Martin-Moreno2001] and thus it can be concluded that the nanoporous patterning
in the gold layer acts like a diffraction grating enabling the coupling of the incident
light to LSPs. The analysis of the spectrum corresponding to the gold-coated NAAM
reveals a similar plasmonic resonance-related dip but redshifted respect to the previous
one. This fact suggests that despite of the NAA porous substrate, the light coupling
to the localized surface plasmons is produced.

Consider now the case of the gold-coated NAA with long interpore distance (figure
5.10.b). The analysis of the picture indicates that the porous patterning of the gold
thin film induces also a plasmonic resonance, but in this case, the observed dip is deeper
(i.e. with much stronger intensity) than in the short interpore distance. The sharp dip
is present in the spectrum corresponding to the free-standing porous gold thin film
and in the corresponding to the gold-coated NAAM. In the case of the free-standing
porous gold thin film the major resonance is centred approximately at 750 nm, with
additional secondary minor dips around 800 nm and 1350 nm. Similar resonances
are present in the spectrum corresponding to the gold-coated NAAM, but here are
redshifted with respect to the previous ones, being approximately at 875 nm, with
additional secondary minor dips around 975 nm and 1350 nm.

The present results are significant in at least two major respects. First, these
results comes to demonstrate that a gold coating thin layer deposited onto NAAM
may be suitable as platform to couple normally incident light onto localized surface
plasmon resonances. And second, the results indicates that the interpore distance is a
decisive key parameter that strongly influences the coupling efficiency to the resonance.
Thus, according to this, NAAM with long interpore distance which can be produced in
phosphoric acid electrolytes, are more convenient in order to sustain LSP resonances

that can be further applied to sensing.
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Fig. 5.10 Calculated reflectance spectra of gold-coated NAA structures with a gold
thickness of 20 nm. a) NAA structures with to short interpore distance while b)
corresponds to long interpore distance. The curve in black corresponds to the reflectance
spectra for the gold-coated NAA, whereas the dotted green curve corresponds to a gold
thin film with the same thickness and the dashed red curve corresponds to a porous
gold thin film with the same thickness and with equivalent pore structure to the NAA.
Adapted from [Berto-Rosello2018].

5.4.1 Influence of the gold-coated NAAM thickness on the
LSPR excitation

Having established that the porous gold-coated NAAM may be suitable as platform for
optical biosensing and having demonstrated that the interpore distance is a decisive
key parameter as a key point to obtain a LSPR, we will now move on to discuss the
influence on the LSPR of the gold thin film thickness deposited on the long interpore
distance NAA.

To this end, the gold layer thickness was varied from 20 nm to 70 nm in steps of
10 nm in the simulations. Figure 5.11 illustrates the obtained results, showing the
calculated reflectance spectra in the range between 750 nm and 1000 nm and plotted
for the different gold thicknesses.

The picture shows the same two dips already observed in figure 5.10.b for all
the studied cases. In this case, however, a blue shift of the main dip as the gold
thickness increases is observed. Similarly to the main dip, it can be observed that the
secondary dip also experiments a blue shift but to a much smaller extent. Furthermore,

it is important to point out that as the gold layer thickness increases the main dip
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Fig. 5.11 Plot of the calculated reflectance spectra for gold-coated NAAM structure
with the long interpore distance varying the gold layer thickness from 20 nm to 70 nm.
Adapted from [Berto-Rosello2018].

becomes narrower. The width of such dip could be meaningful when considering sensing

applications, which will be discussed in the next sections.

5.5 Study of LSPR sensing with gold-coated NAAM

This section is devoted to the theoretical evaluation of the possibility of using the
existence of LSPR in the spectra of gold-coated NAAM described in the previous
section as a sensing mechanism. The basis of such mechanism would lie on the selective
detection or quantification of the specific analytes attached onto the gold surface or
onto the inner NAAM pore surface.

In order to carry out and assess this feasibility, the attached analytes were modelled
as a biolayer (figure 5.8) with a specific thickness and a refractive index different to that
medium which fills the pores. From a quantitative point of view, a parameter which
permits us to evaluate the sensing mechanism by comparison between the different
NAAM is needed. Thus, a sensitivity parameter is defined as the rate of change in the

LSP resonant wavelength for increasing refractive index of the biolayer.
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Fig. 5.12 Optical study for the gold-coated NAAM. a) Simulated reflectance of the gold-
coated NAA under three different values of the biolayer refractive index. b) Simulated
optical sensitivity of the gold-coated NAA defined as the slope of the linear trend
(S = %). c¢) Simulated optical sensitivity as a function of the biolayer thickness.
Adapted from [Berto-Rosello2018].

Figure 5.12.a shows reflectance spectra in the range of the LSPR dip corresponding
to the gold-coated NAAM with a gold thin film thickness of 20 nm and a biolayer
of 10 nm thickness. In order to provide a comparison, the figure also plots the gold-
coated NAAM spectra for different refractive index values of the biolayer. The graph
shows in red and blue dashed lines the spectra corresponding to the structure with a
refractive index of the biolayer of n = 1.4 and n = 1.5 respectively, in contrast with
the green solid line corresponding to the aqueous medium (7,44, = 1.33). The plot
reveals an increasing LSPR wavelength as the biolayer refractive index increases. In
order to estimate the trend of this increase, additional calculations of the resonant
wavelength with different refractive index of the biolayer were performed. The figure

5.12.b illustrates this trend plotting the resonant frequency shift (AMg,) as a function
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of the refractive index difference (An). The picture shows a linear dependence between
this two quantities, from which the slope of this linear trend (S = %) can be defined
as sensitivity parameter. These results suggest that the considered structure could
be suitable for sensing, insofar it is theoretically capable of producing a shift in the
resonant dip under changes on the biolayer refractive index.

Additionally to the biolayer refractive index, the biolayer thickness can influence
the LSPR wavelength position. In order to estimate such influence, figure 5.12.c depicts
the dependence of the NAMM sensitivity for different biolayer thicknesses in a range
from 10 nm to 40 nm. The plot reveals an increase of the sensitivity S with the
biolayer thickness. This result is in the line as it could be expected from the fact that
more biolayer material is in interaction with the electric field. However, the observed
increasing trend is nonlinear. The results suggest that a biolayer with a bigger thickness

does not result in a proportional increase of the sensitivity.

5.5.1 Optimization of the sensitivity as a function of the gold
thin film thickness

In the previous section, the optical response of gold-coated NAAM and its suitability
for sensing based on the refractive index difference and on the biolayer thickness has
been demonstrated. Difficulties arise, however, when an attempt is made to implement
real sensing experiments. In that case, the currently chemical or biological analytes to
be detected influences these two aforementioned parameters related to the biolayer.

In the fabrication process of the NAAM some structural parameters such as the
interpore distance or the pore diameter are usually fixed. This fact leaves the thickness
of the gold-coated layer as a free parameter to optimize the sensitivity of the gold-coated
NAAM.

In this section, the influence of the gold thin film thickness on the sensitivity is
studied. A higher sensitivity reached by the NAAM biosensor would imply a bigger
shift in the resonant wavelength upon the adsorption of the species detected. However,
as described in the previous section, the width of the LSPR dip depends strongly on
the gold thin film thickness (figure 5.11). That implies that with a increase of this
width, it would be more difficult to recognize a shift in LSPR wavelength.

In order to quantify the optimum degree of sensitivity in relation with the width of
the LSPR dip, the quality factor (Q-factor) is defined. Q-factor is a figure of merit for
the width of resonant peaks or dips defined as Q-factor = M%’:’M, where AXpw pm

is the full width at half the maximum (or minimum) in wavelength units. Thus, it is
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Fig. 5.13 Quality factor and optical sensitivity for a gold-coated NAA as a function of
the gold thin film thickness. Quality factor and optical sensitivity for different gold
thickness in the range from 20 nm to 70 nm with the biolayer thickness fixed to 10
nm. Adapted from [Berto-Rosello2018].

important to consider both sensitivity and Q-factor in order to evaluate the sensing
capabilities of gold-coated NAA.

Figure 5.13 shows two plots corresponding to the sensitivity (orange Y-axis) and
the Q-factor (black Y-axis) for gold-coated NAAM as a function of the gold thin film
thickness. The thickness of the biolayer in the simulations was fixed to 10 nm, although
the same conclusions can be reached with other biolayer thicknesses. The figure plots
the calculated sensitivity as a function of the gold layer thickness (orange line), showing
a decrease of the sensitivity as the gold thin film thickness increases. The picture also
shows a plot of the calculated Q-factor. In this case, the plot shows an increasing
Q-factor as the gold thin film thickness increase.

This result reveals the existence of a trade-off between the shift of the resonant
wavelength and the ability to measure the shift in the spectrum. This fact suggests
that there exists an optimal value of gold thin film thickness that permits reaching
simultaneously the maximum possible sensitivity and Q-factor. Nevertheless, such
optimal value depends of a specific application, as it would depend on the current
values of refractive index difference and biolayer thickness for each specific analyte
to be detected. Furthermore, it would depend on other experimental measurement

parameters such as spectrometer resolution or detector noise.
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Fig. 5.14 Electric field intensity profiles for the gold-coated NAA with different gold
layer thicknesess (shadowed top layer). Electric field intensity profiles at an XZ plane
centred in the middle of the pore for gold layer thicknesses in a range from a) 20 nm
to f) 70 nm. Adapted from [Berto-Rosello2018].

In order to understand the decrease in sensitivity of the NAAM with the increasing
gold thin film thickness, a study of the electromagnetic field distribution in the vicinity
of the gold-coating layer has been carried out. Figure 5.14 illustrates the electric field
intensity profiles at the resonant wavelength centred at an XZ plane in the middle of
the pore for gold layer thicknesses in a range from 20 nm to 70 nm. The area occupied
by the gold thin film is indicated by the shadowed rectangles, while the area occupied
by the alumina is indicated by the rectangles below the gold. The biolayer forms a
conformal coating of 10 nm thick on the gold and the inner pore surface (not depicted
in the figure). From a closer analysis of the figure, it can be observed that, as the
gold thin film thickness increases, the region occupied by the highest field intensities
on top of the metallic and on the pore walls decreases. Thus, the overlap with the
biolayer becomes smaller which leads to a decrease of the resonant wavelength shift

and therefore a decrease in the sensitivity.
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5.6 Conclusions

In this chapter, the capabilities of gold-coated nanoporous anodic alumina membranes
as reflectometry-based plasmonic platforms for biosensors has been studied. The
study has been carried out by numerical simulation of the reflectance spectrum of the
gold-coated NAAM upon the attachment of analytes (biolayer) on the gold coating and
the inner pore walls. 3D-FDTD numerical simulations have been performed on two
types of NAAM structures: NAAM with short interpore distances which corresponds
to NAA obtained with oxalic acid electrolytes, and NAAM with long interpore distance
which corresponds to NAA obtained with sulfuric acid electrolytes. The capability
of coupling a localized surface plasmon resonance from an incident beam has been
studied by comparing the reflectance spectra of the short and long interpore distance
gold-coated NAA with that of a solid gold film and for a nanopatterned gold film
with the same distribution of holes as in NAAM, both with the same thickness as
the coating on the NAAM. The attachment of the chemical/biological analytes to
be detected onto the inner surface of the pores and on the gold surface forming the
biolayer has been modelled as a conformal layer with a refractive index that can be

different with respect to the medium filling the pores and with a given thickness.

The analysis of the computed results permits us to conclude:

o The nanostructuring provided by the pore distribution of the NAAM enables that
normally incident light couples to a plasmon resonance in the gold coating of the
NAAM. That coupling depends strongly on the NAAM interpore distance, being
much more efficient for the gold-coated NAAM with long interpore distances.

o Numerical simulations demonstrate that the attachment of a biolayer on the gold
coating and on the inner pore walls produces a shift on the resonant wavelength
of the plasmon resonance. The shift shows a linear dependence with the refractive
index of the biolayer, what permits to define the sensitivity as the shift of the
resonant wavelength per refractive index unit. This sensitivity increases with the

thickness of the biolayer.

o The sensitivity decreases as the thickness of the gold thin film on the NAAM
increases. This result can be explained by studying the electric field distribution
produced by the different gold thicknesses: a lower thickness results in a larger
fraction of the electric field in the space region where the biolayer deposits,
resulting in a greater interaction volume. However, the resonance Q-factor

increases as the gold thin film increases. Therefore, an increase in sensitivity has
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the disadvantage of a decrease in the resonance Q-factor, which can reduce the
resolution in the measurement of the shift under experimental conditions. This
suggests that an optimal thickness of the gold coating has to be determined for

each specific experimental conditions

In summary, the results presented in this chapter show the possibility to use the
gold-coated NAAM as a platform for plasmonic biosensors by means of reflectometric
methods. The use of long interpore distances NAAM to hold nanopatterned hole
arrays on a gold thin film layer permits a direct coupling of the incident light with the
plasmons on the metal, providing an alternative to experimental configurations such as
Kretchsmann and Otto to obtain plasmonic excitations. Furthermore, this gold-coated
NAAM permits the definition of a sensitivity function, which can be optimized for a

specific gold thin film layer and a specific analyte to detect.
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Chapter 6

Analysis and modelling of the
optical response of NA A-based

graded-index structures

In the previous chapters, we have showed the development of a numerical procedure
based on FDTD that has been applied to predict the optical behaviour of NAA
structures. Specifically, we have modelled the optical response of a set of samples
composed of a monolayer of alumina on aluminium substrate, calculating in result its
reflectance spectrum and comparing it with the corresponding experimental spectrum.
That permits us to test the model and to improve it in order to achieve more accurate
results. Next, a theoretical study of the optical behaviour of a gold-coated NAA
structure has been proposed in order to investigate the possibility to use NAA-based
structures as a platform to future plasmonic biosensors. As a result of the application
of our model, reflectance calculations have been obtained, demonstrating that long
interpore gold-coated NAA membranes could be suitable as the basis in the development
of this kind of plasmonic devices.

However, there are a wide set of NAA structures which can be used as a platforms
for optical biosensors such as NAA-based distributed Bragg reflectors [Rahman2013],
NAA-based micro cavities [Macias2013] and NAA rugate filters [Macias2014]. The
geometrical and chemical characteristics of these type of structures has been briefly
explained in chapter 2, whereas in chapter 3 we provided an introduction on different
types of numerical methods to model their optical response. Unfortunately, the use of
the FDTD method for this kind of structures could have such a huge computational
cost making it unaffordable. For this reason, alternative methods to FDTD must be

considered. If we consider these complex structures with an interpore distance smaller
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that the incident wavelength, the transfer matrix method can be a powerful and faster
choice.

This chapter is devoted to study the optical behaviour of NAA rugate filters as
a NAA-based graded-index structures, in which a modulation in depth of its pore
diameter has been considered. These kind of NAA structures are the so-called NAA
rugate filters (NAA-RF) which we have seen in chapter 2. These structures are
geometrically characterized by having a sinusoidal pore modulation in depth of its pore
diameter which can be obtained applying an anodization current with a sinusoidal
component in the fabrication process. In result, the optical behaviour of this NAA-RF
is characterized by showing a narrow peak (photonic stop band) in a specific wavelength
range in its reflectance spectrum. Our goal is to investigate by numerical modelling
the optical photonic stop gap behaviour of the NAA-RF and its relationship with the

fabrication parameters .

6.1 Introduction

In the previous chapters, the optical properties of NAA structures and gold-coated NAA
thin films has been studied considering them as a 3D nanostructured material. Thereby;,
the effective refractive index of these structures has been measured and calculated, as
well as the variation of this effective index when biological or chemical species have
been attached on the top of the structure and onto the pore walls. However, as we
pointed in chapter 2, the 3D nanostructuring of the NAA is possible and confers further
properties to the NAA or improves the existing ones.

One of the procedures for achieving 3D NAA is the pulse anodization [Lee2008].
This procedure permits to fabricate NAA structures breaking the cylindrical shape of
the pores and giving a 3D pore morphology to the NAA, combining a low-potential
pulse followed by another high-potential pulse with periods and amplitudes intentionally
designed. In this sense, Lee et al. in [Lee2008] achieved a 3D nanostructured NAA-DBR.
Following this procedure, Chen et al. [Chen2015] also produced photonic NAA-based
DBRs by pulse anodization. The authors highly controlled the nanopore geometry of
the NAA structure producing photonic structures with vivid colours in the UV-visible
spectrum range.

Another type of procedure to modify the NAA pore morphology, also described in
chapter 2, is the cyclic anodization. Losic et al. [Losic2009a] developed this procedure

employing periodic oscillating parameters in the anodization current to achieve, for
instance, NAA-based rugate filters (NAA-RFs).
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Fig. 6.1 Schematic concept of the aluminium anodization into a ordered NAA-RF by

sinusoidal pulse anodisation.

NAA-RFs are NAA-based structures consisting of a matrix of aluminium oxide

with a distribution (disordered or hexagonally arranged) of pores perpendicular to

its surface, which have a periodical oscillation of its diameter with the depth. The

NAA-RFs are produced by applying a sinusoidal anodization current profile such as:

27t
I(t) = I + Ilsin(%)

(6.1)

where j is an offset current (equivalent to the anodization current in constant current

anodization), and I; and 7" are the amplitude and period of the sinusoidal component.

Figure 6.1 illustrates a schematic view of the NAA-RF structure achieved with this

sinusoidal cyclic anodization of the aluminium process. The resulting pore morphology

is schematically illustrated in detail in figure 6.2. In the picture we can observe the

amplitude in the modulation of the pore diameter (Ad,) on the pore length period (A)

which can describe the pore modulation in depth.

There are a variety of researches on NAA-RFs in the literature. We cite that

of Ferré-Borrull et al. [Ferre-Borrull2014] as an example. The authors fabricated

NAA-RFs using the cyclic anodization process by a variation of the current from

galvanostatic conditions. The authors applied a sinusoidal profile on the anodization

current to create the pore modulation in depth. As another example of NAA-RFs

investigation, Santos et al. [Santos2016] reported structurally engineered NAA-RFs

produced by sinusoidal pulse anodization.
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Fig. 6.2 Schematic NAA pore morphology with cyclic anodization: (a) 3D perspective
view sketch and (b) 2D planar cross section sketch.

These studies revealed that the NAA-RFs show photonic stop bands in its reflectance
spectra. The geometrical parameters such as the interpore distance d;,;, the pore
diameter (d,), the modulation of the pore diameter (Ad,) and the modulation period
along the pore length (A) influence the photonic stop bands properties such as its
position, its width and its strength. Consequently, these optical properties can be
tuned with high precision, resulting in NAA photonic structures that can be used as a
platforms in the development of optical biosensors.

Our goal in this chapter is to investigate by means of numerical modelling and
with experimental measurements the optical NAA-RFs properties in order to relate
the geometrical parameters ( d;., dp, Ad, and A) with the fabrication parameters (
Iy, I and T).

6.2 Fabrication and characterization of the NAA-
RF samples

Nanoporous anodic alumina rugate filters were prepared by anodizing aluminium
through the anodization process described elsewhere [Ferre-Borrull2014]. Before the
anodization the aluminium foils were electropolished using a HCI1O, : EtOH mixture
1:4 v/v at 20 V for 4 min. Next, the anodization was carried out in a 0.3 M aqueous
solution of oxalic acidic electrolyte (H2C30,) at 5 °C. In this step, five different

sinusoidal anodization profiles were used to generate five samples of NAA-RFs (named
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Fig. 6.3 Cross-sectional and top view SEM image of the NAA-RF structure produced
at a specific I value. The pictures are at different scale to provide a better view of the
pores. Courtesy of L.K. Acosta, Universitat Rovira i Virgili.

S1 to S5, respectively) with different in-depth variations of the NAA structure. The
samples were produced using the anodization current profile described in eq.(6.1)
varying the offset current [y and maintaining fixed the amplitude current ([;), the
period (T') and the number of cycles (V). When the anodization process finished, the
aluminium substrate was removed using a wet chemical etching with HCl and CuCl,.
Figure 6.3 illustrates a cross section view and a top view SEM pictures of one of the
samples as a reference. The pictures are at different scale to a better view of the pores.

In order to characterize the samples, spectroscopic reflectance measurements
were carried out. To this end, a Lambda 950 spectrophotometer from PerkinElmer
(Whaltham, MA,| USA) equipped with a tungsten lamp as the light source and using a
Universal Reflectance Attachment is used. The incidence angle was set very close to
the normal incidence (6°) and the wavelength range was set from 350 nm to 900 nm.

Figure 6.4.a shows the measured reflectance spectra of the NAA-RFs samples for
each offset current (Iy) considered. Here, the five spectra are illustrated: the black
line corresponds to the sample S1 with Iy = 2.5 mA, the green line corresponds to the
sample S2 with Iy = 3 mA, the blue line corresponds to the sample S3 with Iy = 3.5
mA, the red line corresponds to the sample S4 with Iy = 4 mA, and finally the brown

line corresponds to the sample S5 with Iy = 4.5 mA. In all cases a photonic stop
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Fig. 6.4 a) Measured reflectance of the NAA-RF samples where the offset current I
varies, maintaining fixed the amplitude current (I;), the period (7') and the number of
cycles (V). b) Linear dependence of the measured PSB central wavelength position of
the NAA-RFs samples with each offset current (/) considered.

band (PSB) in the specified rang is observed. NAA-RFs which its oscillating variation
of the pore diameter in depth induces a periodic variation of the refractive index of
the NAA-RF that results in a PSB in the direction of variation. The graph shows a
significant increase in the central wavelength position of PSB as the offset current (1)
increases. In order to estimate the trend of this increase, additional calculations of the
PSB central wavelength position for different offset current were performed. Figure
6.4.b shows the measured PSB central wavelength position of the NAA-RFs samples
for each offset current (Iy) considered, revealing a linear dependence between this two
quantities.

Using the same procedure previously described, a sinusoidal anodization profile
in which the three different amplitude current were used to generate three additional
samples of NAA-RFs with different characteristics. The three types of NAA-RFs were
produced varying amplitude current /; and maintaining fixed the offset current (1),
the period (7") and the number of cycles (V). The characterization of the samples by
spectroscopic reflectance measurements were carried out as for the previous case.

Figure 6.5 shows the measured reflectance spectra of the NAA-RFs for each ampli-
tude current (1) considered. Here, the three spectra are illustrated: the green red line
corresponds to the sample S6 with I; = 1 mA, the black line corresponds to the sample
S7 with I; = 1.5 mA, and the red line corresponds to the sample S8 with I; =2 mA.
As the previous case, a photonic stop band (PSB) in the reflectance spectrum of each

sample is observed. The plot shows that the maximum PSB reflectance is different for
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Fig. 6.5 Measured reflectance of the NAA-RF samples where the amplitude current
I, varies, maintaining fixed the offset current (I), the period (7') and the number of
cycles (N).

different I;. The graph reveals an increase of the maximum reflectance of the PSB as
increasing [;. However, in contrast to the previous case, the picture shows that the
central wavelength position of PSB remains almost in the same position despite of the

amplitude current (I;) increases.

6.3 Design and numerical modelling

As we have explained in Chapter 3, in the case of thin film modelling with EMA,
flat interfaces and layers of homogeneous materials have to be considered. The EMA
permits to obtain the effective refractive index of such layers when one of the materials
in the structure is actually a mixture of materials [D.A.G.Bruggeman|. Figure 6.3
illustrates a cross-section SEM image of one of the considered samples which shows
the oscillating pattern in depth of the pore diameter. However, the pore diameter (d,,)
and its variation in amplitude (Ad,) are hard to evaluate from the pictures. Thus, in
order to accomplish such challenge, the EMA simulations were designed by considering
the NAA-RF structure as a multilayer system. The pore morphology of the NAA-RF
induces a modification in depth of the porosity which results in a continuous transition
of the refractive index in depth. The figure 6.6 shows a schematic view of the EMA
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Fig. 6.6 Illustration of the transition of the NAA-RF pore geometry into an effective
graded index structure in the Z direction. The continuous variation of the refractive
index is between n g, and npe.
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Fig. 6.7 Hlustration of the resulting modulation of the effective refractive index with
the depth.

model and how the resulting effective system is formed, whereas the figure 6.7 shows
the modulation of the effective refractive index in depth.

The calculation of the reflectance spectra will be performed by means of transfer
matrix method which implies that a multi-layered thin film model with constant
refractive index for each layer is needed. For this reason, the picture shows a final
multi-layered system in which each period in the pore modulation is divided in 10 layers
with constant index. The effective refractive index of each layer can be calculated by
means of the Looyenga-Landau-Lifshitz (3L) formula [Alekseev2007] , in combination
with that reported from Bartzsch et al. in [Bartzsch2004] in which the effective index
profile oscillates between a high refractive index (ngign) and a low refractive index

(nLow). The formula is described in the equation (6.2):
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Table 6.1 Estimated average interpore distance for each sample with different offset
current ().

Sample Offset current (mA) Interpore distance (nm)

S1 2.5 mA 79 nm
S2 3 mA 87 nm
S3 3.5 mA 94 nm
S4 4 mA 96 nm
SH 4.5 mA 117 nm
n(2) = Nmean + Brange sm<2—ﬁz) (6.2)
2 A

where neqn = %(n High+NrLow) 18 the average refractive index and nyange = NHigh —NLow
is the peak variation, A is the thickness of one oscillation period and z is the distance

variable in depth.

6.4 Study of the NAA-RF reflectance spectra and

its relationship with the fabrication parameters

In order to reproduce the experimental reflectance spectra, calculated reflectance
spectra are analysed by adjusting the geometrical parameters d;, d,, Ad, and A to
obtain the best fit between the experimental and the calculated reflectance.

In the simulations, the interpore distance, d;,;, and the modulation period, A, are
established to a value previously estimated from SEM top view pictures and cross-
section pictures of prepared samples at the same average current. By applying image
analysis to the SEM pictures, the average interpore distance was estimated for each
sample. Table 6.1 summarizes this average interpore distance for each sample, from

which a linear relation between d;,; and Iy could be established:

dine = 171y + 35 (6.3)

Concerning the modulation period A, figure 6.8 shows a cross-sectional view SEM
image of a NAA-RF sample. From the picture the total thickness (L) could be
established, and therefore it could be deduced that the physical thickness of one period
is given by
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Fig. 6.8 Cross-sectional view SEM image of the NAA-RF sample produced at a specific
offset current (Iy) value.

A = 302TI, (6.4)

where I is in mA and T in seconds. Pore modulation amplitude was established to
Ad, =2 nm.

Figure 6.9 depicts the reflectance spectra obtained in the simulations. The picture
shows the measured reflectance spectra (red line) for the five samples with different
offset currents (/y) together with the corresponding simulated reflectance spectra
(blue line) in order to provide comparison. The numerical model developed is able
to reproduce the experimental central wavelengths of the PSB, although with higher
calculated maximum reflectance. This difference is caused by the imperfections in the
experimental preparation.

Figure 6.10 illustrates the pore diameter used in the best fitting for each I.
Simulation results reveal an increasing trend of the pore diameter with increasing Iy,
as it could be expected. However, further analysis will be necessary in order to relate
the pore modulation amplitude to the current modulation amplitude.

The model we developed permits the analysis of measured reflectance spectra and

by means of a best fitting establish a relationship between the fabrication parameters
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Fig. 6.9 Calculated reflectance of the NAA-RF samples where the offset current I

vary, maintaining fixed the amplitude current (I;), the period (7') and the number of
cycles (N).
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Fig. 6.10 Calculated pore diameter of the NAA-RF samples in function of the offset

current Iy, maintaining fixed the amplitude current (1), the period (T") and the number
of cycles (N).

with the geometric characteristics of NAA-RF. Table 6.2 summarizes the relationship

of the fabrication parameters with the geometric characteristics of the NAA-RF.
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Table 6.2 Relationship of the fabrication parameters with the geometric characteristics

of NAA-RF.
Fabrication parameters Geometric characteristics
T (s) Iop (mA) [; (mA) dint (nm) d, (nm) Ad,(nm) A(nm)
200 2.5 2 79 66 2 151
200 3 2 87 72 2 181
200 3.5 2 94 59 2 211
200 4 2 96 60 2 242
200 4.5 2 117 71 2 272

6.4.1 Influence of the pore modulation amplitude on the re-

flectance spectrum

Figure 6.11 summarizes the reflectance spectra obtained in the simulations for the
three samples (S6, S7 and S8) with different amplitude currents (/;). Figure 6.11.a
shows the reflectance results obtained in the simulations for the sample S6 with I; =1
mA, the figure 6.11.b shows those corresponding to the sample S7 with Iy = 1.5 mA
and 6.11.c deals with the corresponding to the sample S8 with I; = 2 mA. The
pictures show the measured reflectance spectra (red line) for each sample with the
specific amplitude current (I7) together with the corresponding best fitting (blue line)
by adjusting Ad,, in order to provide comparison.

As the results depicted in figure 6.9, the measured spectra also show the photonic
stop bands (PSB) as a result of the oscillating variation of the refractive index in the
NAA-RF. However, the central wavelength position of each PSB is not affected by the
increase of I. In contrast, a variation on the intensity of the maximum reflectance is
observed which increases as the I; increases.

The numerical model developed is able to reproduce the trend of the central
wavelengths of the PSB, although with a little deviation reproducing the spectrum for
the sample S6. This difference may be caused by imperfections in the experimental

preparation.

6.5 Study of sensing with NAA-RFs

This section is devoted to the theoretical evaluation of the possibility of using the
existence of PSBs in the spectra of NAA-RFs described in the previous section as

a sensing mechanism. The basis of such mechanism would lie on the detection or



UNIVERSITAT ROVIRA I VIRGILI

NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

6.5 Study of sensing with NAA-RFs | 97

40

w
o

E) — Simulated
= Measured
F
m |

‘ |
o AL ||\|| IR 1
(A H\ |’ ‘III“J‘ H‘“ ”IMIHH 10 | H‘il \I\nl |I\ I‘|.|||| M THJRIHI\HHI\I|]'“” ||||l

00 560 600 700 800 900
Wavelength (nm)

—— Simulated

L=

— Measured

w
S

S

=)

w
o

Reflectance (%)
N
o

[he]
o

Reflectance (%)

200 500 600 700

Wavelength (nm)

C) = Simulated
= Measured

Reflectance (%)

600 700 800 900

Wavelength (nm)

Fig. 6.11 Experimental and calculated reflectance (indicated in the legend) of the
NAA-RF samples maintaining fixed the offset current (Iy), the period (7') and the

number of cycles (N), and varying the amplitude current for: (a) Iy = 1 mA, (b)
I, =1.5mA and (c) I; =2 mA.

quantification of the specific analytes present in aqueous solution in the medium which
fills the pores. In order to carry out and assess this possibility, the analytes were
modelled considering different refractive index for that medium, which indicates an
increasing presence of analytes. From a quantitative point of view, a parameter which
permits us to evaluate the sensing mechanism by comparison between the different
NAA-RFs is needed. Thus, a sensitivity parameter is defined as the rate of change in
the PSB central wavelength position for increasing refractive index of the medium.

Figure 6.12.a shows reflectance spectra corresponding to the NAA-RF sample 5S4
with Iy = 4 mA for different refractive index values of the medium that fills the pores
in order to provide comparison. The legend in the graph indicates the corresponding
spectrum for each refractive index. In the graph, if we consider the reflectance spectrum
of the NAA-RF filled with water (n = 1.33) as a reference, the plot reveals a shift of
the central wavelength of the PSB towards higher wavelengths as the refractive index
of the medium that fills the pores increases.

In order to estimate the trend of this increase, additional calculations of the
central PSB wavelength with different refractive index of the pore filling medium were
performed. Figure 6.12.b illustrates this trend plotting the central PSB wavelength



UNIVERSITAT ROVIRA I VIRGILI

NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

98 | Analysis and modelling of the optical response of NAA-based graded-index
structures
50 ' ' ' — 15
a) I|"]‘]--.I ) —:51 3 b]
® 40 rl"la'l I Z:".E . P
9 |- E 10 e
c | [l —n=14 “: s
] T -~
5 | 'ﬂ zf pd
% L e 5 el
L
0 WAV | E-L& 54' AN ﬂuju 0
700 ?20 740 760 780 800 0 0.02 0.04 0.06 0.08
Wavelength (nm) An

Fig. 6.12 Optical study of the NAA-RF. a) Simulated reflectance of the NAA-RF
under different values of the pore filling medium refractive index. b) Simulated optical
sensitivity of the NAA-RF defined as the slope of the linear trend (S = A’\d”’ ).
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Fig. 6.13 Effect of the d, on the NAA-RF sensitivity.

variation (AMyeqi) as a function of the refractive index difference (An). The picture
shows a linear dependence between this two quantities, from which the slope of this
linear trend (S = %;a’“) can be defined as sensitivity parameter. These results suggest
that the considered structure could be suitable for sensing, insofar it is theoretically

capable of producing a shift of central PSB wavelength under changes on the pore
filling medium refractive index.
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Fig. 6.14 Effect of the Ad, on the NAA-RF sensitivity.

6.5.1 Influence of the pore diameter and the pore modulation

amplitude on the sensitivity

Additional calculations were made in order to achieve a better understanding on
the sensing capabilities of the NAA-RF. Figure 6.13 depicts the dependence of the
sensitivity for different pore diameters in order to estimate such influence. The plot
reveals an increase of the sensitivity S with the pore diameter. However, although the
results suggest a increasing trend of the sensitivity with the pore diameter, more data
would be needed in order to confirm the linearity of the trend.

On the other hand, a sensitivity study is made in function of Ad, in a range from
2 nm to 8 nm for each Iy. Figure 6.14 shows the dependence of the sensitivity for
different pore modulation amplitudes (Ad,) in order to estimate such influence. The
graph reveals almost a constant behaviour of the sensitivity as the Ad, increases,
although the sensitivity of two samples show a little increase in the first section of

the interval of Ad,. This constant behaviour of the sensitivity suggests that it is not
influenced by Ad,.

6.6 Alternative NAA-RF sensing with a narrow-

band emission light source

In this section, an alternative method of sensing with NAA-RFs is proposed and

evaluated. Figure 6.15 illustrates a schematic concept of the proposed sensing system.
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Fig. 6.15 Alternative scheme of proposed optical system for detection of analytes
by NAA-RFs. (a) LED or LD light source. (b) Optical sensing platform based on
NAA-RFs. The colour in the NAA-RFs distinguishes the function of each flow cell,
being the flow cell 1 (grey) for the control sample and the flow cell 2 (blue) for the one
that contains the analytes to detect. (c¢) Photodetector to monitor the final signal.

This system is formed by a narrowband emission device (such as a LED or a laser
diode (LD)) as source light, a optical sensing platform based on NAA-RFs and a
photodetector to monitor the final signal.

The emission spectrum of a LED or LD light source typically follows a Gaussian
profile. When that light passes through a filter a significant portion of the emitted
light can be reflected or absorbed resulting in a reduction in their spectral width.

Concerning the NAA-RFs structures, the transmission spectrum of a NAA-RF
illuminated by white light shows the typical narrow dip corresponding to the photonic
stop band. Figure 6.16 illustrates the transmission spectra for a pair of identical
NAA-RFs. The picture illustrates the transmission spectra for a NAA-RF which
their pores are filled with water (Flow Cell 1 or control sample), together with the
transmission spectra for the another NAA-RF which their pores are filled with an
aqueous solution of an analyte (Flow Cell 2 or object sample). The NAA-RFs act as a

spectral filter restricting the final amount of transmitted light provided by the source



UNIVERSITAT ROVIRA I VIRGILI

NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

6.6 Alternative NAA-RF sensing with a narrowband emission light source | 101

100 g

90

80+

701

Transmittance (%)

60|

= Flow cell 1
—— Flow cell 2

50 : . : :
700 720 740 760 780 800
Wavelength (nm)

Fig. 6.16 Transmission spectra of each NAA-RFs composing the alternative proposed
optical system for detection of analytes by NAA-RFs. The corresponding transmittance
is specified in the legend.
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Fig. 6.17 Schematic concept view of the process of light filtering.

and the transmitted spectra of these NAA-RFs allow to calculate the amount of LD
light that is capable of reaching the photodetector.

In order to assess the optical characteristics of this NAA-RF based system, re-
flectance spectra of the two NAA-RF that compounds the system were simulated using
the numerical model described previously. The NAA-RFs were considered with the
same geometrical parameters and with filling pore media that can be different such
as water and an aqueous solution of an analyte, respectively. Next, the figure 6.17
illustrates the process considered to calculate the light that reaches the photodetector.
The LED and LD emission spectrum and the transmission spectrum corresponding to
the control and object NAA-RF samples are considered. The transmission spectrum of
the NAA-RF object sample becomes modified with respect that of the control sample
by alterations produced by small changes in the refractive index of the medium that
fills the pores. When finally, the spectrum after the flow cell 2 is obtained, the area
under it is calculated. The optical assessment is performed by calculating the changes

in the area under the spectrum after the flow cell 2 produced by small changes in



UNIVERSITAT ROVIRA I VIRGILI
NUMERICAL MODELLING OF NANOPOROUS ANODIC ALUMINA PHOTONIC STRUCTURES FOR OPTICAL BIOSENSING
Francisco Bertd Roselld

102 | Analysis and modelling of the optical response of NAA-based graded-index
structures

N

o
N
o

b) — LD output spectrum
— Spectrum after flow cell 2

a) — LED output spectrum
— Spectrum after flow cell 2

Spectrum response (a.u.)
n S &
Spectrum response (a.u.)

S

=y
a

)]
)]

\

-POO 720 740 760 780 800 90() 720 740 760 780 800
Wavelength (nm) Wavelength (nm)

Fig. 6.18 Spectrum response before and after going through the flow cell system for
a) considering a LED and b) a laser diode (LD) as a light emisor respectively. The
black line represents the signal output spectrum for a light source whereas the red line
represents the spectrum after going through the flow cell 2.

the refractive index of the medium that fills the pores of the NAA-RF object sample.
Figure 6.18 illustrates the light signal before and after the flow cell system. The graph
illustrates the spectra output for a LED (Figure 6.18.a) and a LD (Figure 6.18.b) light
source (black line) together with the spectra response after going through the flow
cell 2 (red line) in order to provide comparison. The figure shows a change in the
typical spectral profile of the light source and a reduction of the intensity of the signal
spectrum after the flow cell 2 by the signal filtering action of the NAA-RFs.

In order evaluate the possibility of using the NAA-RF system as a sensing device,
reflectance spectra corresponding to the spectrum after the flow cell 2 for different
refractive index values of the medium that fills the pores in the NAA-RF object sample
and for each light source are calculated. Figure 6.19 shows these reflectance spectra for
three different refractive index values of the pore filling medium and for different light
sources in order to provide comparison. Figure 6.19.a and 6.19.b shows the spectrum
calculated for n = 1.34 with a LED and a LD light source respectively. Similarly, figure
6.19.c and 6.19.d shows the calculated spectrum for n = 1.35 and for each light source,
and finally 6.19.e and 6.19.f shows it for n = 1.36. The plots shows different spectra for
each light source and for each refractive index from which could result hard to provide
such comparison. However, if we consider the area closed by the signal spectrum after
the flow cell 2 as the detector’s signal response, this response is easily to calculate and

to compare. Figure 6.20 shows the detector signal response in function of the refractive
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Fig. 6.19 Reflectance spectra after the flow cell system for three different refractive
index values of the pore filling medium of the NAA-RF object sample (Flow Cell
2) and for two different light sources. The graphs a), ¢) and d) shows the spectra
response when illuminating with a LED source, whereas the graphs b),d) and e) when
illuminating with a LD source. Concerning the refractive index, the graphs a) and b)
shows the spectra response for a n = 1.34, the ¢) and d) for n = 1.35 and the ¢) and f)
n = 1.36.
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Fig. 6.20 Sensing parameter as a signal response in function of the refractive index
that fills the pores.

index that fills the pores. The picture shows a increasing trend in the signal response
as the refractive index increases. Therefore, such process permits establish a sensing

parameter which indicates a increasing presence of analytes.

6.7 Conclusions

In this chapter, a numerical model for the optical properties of nanoporous anodic
alumina-based rugate filters (NAA-RF) using transfer matrix method (TMM) with
the effective medium approximation (EMA) is developed in order to study their
ability in the prediction of the optical behaviour of the NAA-RFs structures. To this
end, we collected reflectance measurements from real samples produced using eight
different sinusoidal anodization profiles to generate eight different types of NAA-RFs.
Subsequently, these real samples were simulated for each corresponding type of NAA-RF
structure.

Henceforward, we considered a model in which the pore morphology shows a
sinusoidal variation of the pore diameter in depth and a modulation period along
the pore length. EMA is used to move from a variation of pore sizes by depth to a
variation of effective refractive index based on depth. Then, this variation of effective
index based on the depth is discretized obtaining a multi-layered system with constant

refractive index for each layer. Reflectance spectra calculations are performed by TMM
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and analysed by adjusting the geometrical parameters d;, dp, Ad, and A to obtain

the best fit between the experimental and the calculated reflectance.

The analysis of the computed results endorses us to conclude:

o The pore geometry of the NAA-RF induces a modification in depth of the porosity
which in turn produces a modulation of the effective refractive index with the
pore length. As a result of this effective refractive index oscillatory behaviour the
NAA-RF reflectance spectra show photonic stop bands. The central wavelength
of the PSB increases as the applied offset current (Ip) increases. By adjusting the
geometrical parameters d;,;, d, and A, the numerical model developed is able to
reproduce the experimental central wavelengths of these PSB. The simulations
indicate an increasing trend of the pore diameter with increasing offset current,

demonstrating a relationship between these two parameters.

« Experimental results indicate that the effect of the amplitude current (I;) in
the reflectance spectra of the NAA-RF results in that the central wavelength
of each PSB is not affected by a variation of I;. In contrast, a variation on
the maximum reflectance is observed which increases as the I; increases. The
numerical model developed is able to reproduce the experimental behaviour of

the central wavelengths of the PSB, as well as their maximum reflectance value.

o Numerical simulations demonstrate that changes in the refractive index of the
medium that fills the pores produces a shift on the central wavelength position
of the photonic stop band (PSB). The shift shows a linear dependence with the
refractive index of the pore filling medium, what permits to define the sensitivity
as the shift of the central wavelength position of the PSB per refractive index

unit. This sensitivity increases with the refractive index of the medium.

» Two conclusions from the numerical study on the effect of the pore diameter and
the pore modulation amplitude on the sensitivity of NAA-RF can be extracted.
From one hand, the influence of the pore diameter on the sensitivity has been
demonstrated, revealing an increasing trend of the sensitivity with d,. On the
other hand, in contrast, it has been demonstrated that the pore modulation

amplitude does not influence the sensitivity of the NAA-RF.

o Finally, an alternative method of sensing with NAA-RFs is proposed and evalu-
ated. The optical characteristics of this NAA-RF based system are assessed by
analysing the spectrum of the light after going through the system. The area
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under the spectrum for each refractive index of the medium is compared. This
process permits establish a sensing parameter by refractive index unit, showing a
increasing trend in the signal response as the refractive index that fills the pores

increases.

In summary, the results presented in this chapter shows the possibility to relate the
fabrication parameters with the geometric characteristics of NAA-RFs. The numerical
model of NAA-RF developed based on the effective medium approximation and the
transfer matrix method is capable to determine crucial geometrical parameters such
as average pore diameter, (d,), and the pore modulation amplitude, Ad,. These
results could be important when designing further nanostructures and simulating and

predicting their behaviour in future applications.
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Chapter 7
Summary and conclusions

Computational models enable scientists to achieve a better understanding of a specific
research field, to develop a particular technology understanding the underlying mecha-
nism and to predict results without the need to use authentic devices. Theoretical study
on the optical properties of materials is a fundamental field of research. In particular,
the study of the optical properties of nanoporous anodic alumina (NAA) by means
of numerical modelling permits to understand their relationship with the structural
features of the NAA, providing a conceptual framework for the analysis of their optical
behaviour. Additionally, these simulations are a powerful tool for the improvement of
the NAA-based devices with a design fundamented on a wider knowledge basis.

Of the several models existing in the literature to predict the optical behaviour of
NAA-based devices, there is a scarcity of published studies on NAA optical modelling
in a broad range of structural features. In this thesis, we aimed at covering this existing
gap with the development of predictive models for the optical properties of NAA valid

in a wide range of geometrical characteristics.

The objectives of this Thesis have been:

o To develop computer implementations of numerical models for the theoretical
study of the optical behaviour of NAA with a broad range of geometric and

optical characteristics.

o To analyse the structural and the optical properties of the NAA in order to
perform the modelling considering it as a one-dimensional and a two-dimensional

photonic crystal.

« To study theoretically of the optical behaviour of gold-coated NAA as a proposal

of application to sensing devices based on NAA.
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o To study theoretically of the optical behaviour of NAA graded-index structures
as a proposal of modelling tools applied to more complex structures, and a
theoretical study and assessment of an alternative proposal of sensing with
NAA-based graded-index structures.

The study of the optical behaviour of photonic structures based on NAA can not
be addressed using a single numerical method due to the different types of structures
to be considered. Therefore, the chosen had been restricted to the transfer matrix
method (TMM) and the finite differences in the time domain method (FDTD). The

fundamentals of these numerical methods have been described in Chapter 3.

In Chapter 4, a numerical procedure based on 3D-FDTD was applied to simulate the
optical behaviour of the NAA structures with a wide range of interpore distances has
been developed. The study has been addressed for two types of NAA structures with
different interpore distances (produced with oxalic and with phosphoric electrolytes).
Reflectance measurements from real samples were collected and subsequently simulated
considering various models of increasing geometric and chemical complexity: i) an
initial model that considers the flat aluminium-alumina and alumina-air interfaces,
ii) a second that considers the interface between the aluminium substrate and the
alumina layer texturized with the hemispherical concavities caused by the preparation
procedures, as well as the alumina barrier layer and the top surface of the alumina
layer, iii) a third model that considers a anionic layer in the outer pore wall layer with
distinct optical properties and iv) a last fourth model which contemplates absorption
in the anionic layer.

The most significant findings to emerge from this study are:

e The EMA-TMM and FDTD correctly reproduce the optical behaviour for short
interpore distance NAA.

o When the NAA geometric parameters are of the order of the wavelength of the
incident light, EMA is no longer adequate and FDTD offers a better alternative
to deal with the geometrical features of the structures. However, FDTD also fails

in the prediction of some features in the visible range for long interpore distances

NAA.

e The incorporation of the interfaces texturization with FDTD is crucial in order
to have precise predictions of the optical behaviour of the NAA for a wide range

of characteristics parameters.
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In

In addition, the consideration of the dual structure of the pore walls with
different optical properties (with or without absorption) in their outer pore wall,
is translated into the introduction of a next-to-leading order in the predictions,

even though it allows a slight adjustment with the experimental measurements.

Chapter 5, a study on the capabilities of gold-coated NAA membranes as

reflectometry-based plasmonic platforms for biosensors has been made. This study has

been performed by a 3D-FDTD numerical simulation of the reflectance spectrum of

the gold-coated NAA membranes upon the attachment of analytes (biolayer) on the

gold coating and the inner pore walls.

The principal theoretical implications of this chapter are:

Numerical simulations have demonstrated that the nanostructuring provided by
the pore distribution of the NAA membranes permits a direct coupling of the
incident light with the plasmons on the metal. That coupling depends strongly
on the interpore distance NAA membranes, being much more efficient for long
interpore distances gold-coated NAA membranes.

Furthermore, the simulations have demonstrated that the attachment of a biolayer
on the gold coating and on the inner pore walls produces a shift on the resonant
wavelength of the plasmon resonance. The shift shows a linear dependence with
the refractive index of the biolayer, what permits to define the sensitivity as
the shift of the resonant wavelength per refractive index unit. This sensitivity

increases with the thickness of the biolayer.

Additionally, the sensitivity function can be optimized for a specific gold thin film
layer and a specific analyte to detect. The sensitivity decreases as the thickness
of the gold thin film on the NAA increases.

In order to implement this gold-coated NAA membrane as a biosensor, both
the resonance Q-factor and the sensitivity have to be taken into account. The
resonance Q-factor increases as the gold thin film increases. Therefore, an increase
in sensitivity has the disadvantage of a decrease in the resonance Q-factor, which
can reduce the resolution in the measurement of the shift under experimental
conditions. This suggests that an optimal thickness of the gold coating has to be
determined for each specific experimental condition.

Finally, in Chapter 6 the optical response of NAA-based rugate filters has been
modelled with a numerical procedure based on the TMM with an EMA. The study
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has been addressed for eight different types of NAA-RFs. Reflectance measurements
from these real sample were collected and simulated considering a model in which the
pore morphology shows a sinusoidal variation of the pore diameter in depth and a
modulation period along the pore length. By means of EMA a multi-layered system
with constant refractive index for each layer has been created. Reflectance spectra
calculations are performed using the TMM and analysed by adjusting the geometrical
parameters in order to obtain the best fit between the experimental and the calculated
reflectance. The results presented in this chapter show the possibility to relate the
fabrication parameters with the geometric characteristics of NAA-RFs.

The investigation carried out in this chapter has shown that:

e The numerical model developed is able to reproduce the experimental reflectance
spectra of the NAA-RFs. The central wavelength of the photonic stop band
increases as the applied offset current increases. The simulations indicate an
increasing trend of the pore diameter with increasing the offset current, demon-

strating a relationship between these two parameters

e The numerical model developed is also able to reproduce the effect of the am-
plitude current in the experimental reflectance spectra of the NAA-RFs. An
increase on the maximum reflectance of the photonic stop band is observed as
the amplitude current increases. Instead, the central wavelength of each photonic

stop band is not affected by a variation of the amplitude current.

o Furthermore, numerical simulations demonstrate that changes in the refractive
index of the medium that fills the pores produces a shift on the central wavelength
position of the photonic stop band. The shift shows a linear dependence with the
refractive index of the pore filling medium, which permits to define the sensitivity
as the shift of the central wavelength position of the photonic stop band per

refractive index unit.

o The average pore diameter influences the sensitivity of NAA-RFs. The sensitivity
increases as the average pore diameter increases. On the other hand, however,
it has been demonstrated that sensitivity is not influenced the pore modulation

amplitude.

e On the basis of the properties of the photonic stop band of NAA-RFs, an
alternative sensing method has been proposed. The method is based on the use

of two equal NAA-RF’s as filters for the ligth emitted from a narrowband source
(LED or laser diode) centred at the same wavelength as the NAA-RF’s. Light
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from the source is made to transmit through the two NAA-RF’s consecutively.
One of the NAA-RF’s is filled with a reference medium while the second is
filled with the same medium with the dissolved analyte to be detected. The
resulting relative shift of the corresponding PSBs results in a change in signal
in a photodetector placed after the two NAA-RF’s. The possibilities of such a

system have been investigated.
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