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This thesis is focused on exploring the thermally induced 
changes in the optical properties of TiO2 and Al2O3 thin 

films, and their bilayers fabricated by Atomic Layer 
Deposition (ALD) technique and characterized by a 

Variable Angle Spectroscopic Ellipsometer (VASE) in 
terms of, e.g., Thermo-Optic Coefficients (TOCs). The 

negative thermo-optical behavior of thin ALD-TiO2 films 
is controlled by the use of thin ALD-Al2O3 films, which 

intrinsically carry positive TOCs, as cover-layers. The thin 
ALD-Al2O3 films in TiO2–Al2O3 bilayers act as impermeable 

barrier layers and help to stabilize the optical 
characteristics of underlying TiO2 thin films in varying 

thermal environments. In addition, sub-wavelength Guided 
Mode Resonance Filters (GMRFs), buried with ALD-TiO2 

for sensing purposes, have been demonstrated.
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ABSTRACT

The research work described and demonstrated in this thesis is about exploring
qualitatively and quantitatively the thermo-optical properties of thin films fabricated
by atomic layer deposition (ALD) and characterized by spectroscopic ellipsometry.
At first, the negative thermo-optical behavior of titanium dioxide (TiO2) thin films,
which is the main reason for optical device malfunctionality at higher temperatures,
is controlled by the use of over-layer aluminum oxide (Al2O3) thin films. The use
of Al2O3 thin films on top of TiO2 thin films helps to stabilize the optical prop-
erties of such films at higher temperatures and the bilayer combinations of such
films further pave the way for athermal operation of the optical devices at elevated
temperatures. This thesis also reports on a theoretical and experimental study of
sub-wavelength guided mode resonance filters, designed by Fourier Modal Method
(FMM), fabricated by electron beam lithography and reactive ion etching, buried by
ALD-TiO2 thin films, and characterized optically by spectroscopic ellipsometry for
sensing applications.

Universal Decimal Classification: 535.3, 535.4, 536.4, 620.3, 681.7.02
Keywords: light; optics; photonics; thin films; titanium dioxide; aluminum oxide; optical
properties; thermal properties; buried gratings; sensing; nano-fabrication; electron beam
lithography; reactive ion etching; atomic layer deposition; spectroscopic ellipsometry; X-ray
diffractometry; atomic force microscopy; scanning electron microscopy
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1 Introduction

In a variety of optoelectronic and photonic devices, the ability to withstand harsh
operating conditions without affecting the output is generally required to increase
the operating flexibility and functionality of the device. Such systems often contain
thin optical films or diffractive elements (e.g., diffraction gratings), or combinations
of both [1], depending on the desired optical function. The incorporation of thin
films, diffraction gratings, and other nano-optical elements makes it important to
study their functionality in varying environments.

There exists a huge variety of thin films that are being used in optics and pho-
tonics, based on their individual optical properties and functionalities. Among these
films, TiO2 thin films are an excellent choice to be used as cover layers in a variety
of devices owing to their high refractive index, thermal stability, high transparency
and low loss in the visible (VIS) and infrared (IR) regions of the electromagnetic
spectrum [2]. Due to these desirable optical properties, TiO2 thin films are widely
used in nano-optical devices for numerous applications [3]. Unfortunately, the op-
tical properties of these films are affected greatly by the surrounding environmen-
tal conditions, including temperature, humidity, and moisture. Such environmental
variations may significantly alter the device functionality, especially when the film
thickness is in the range of a few tens of nanometers. Hence a comprehensive study
of the optical properties of TiO2 thin films of various thicknesses in different oper-
ating environments (e.g., temperature in our case), and devising ways to thermally
stabilize these properties, is generally important.

It has been found that temperature variations lead to the changes in the refrac-
tive index and thickness of TiO2 films fabricated by Atomic Layer Deposition (ALD).
These changes are characterized by the thermo-optic coefficient (TOC) dn/dT and
the density coefficient dρ(T)/dT. In particular, it has been established that TiO2 thin
films with thickness below 150 nm are more prone than thicker layers to temperature-
dependent optical changes due to surface porosity effects that allow water vapor
permeation. As a result, thin films exhibit negative TOCs, whereas thicker films
(thickness > 150 nm) possess positive TOCs [4]. In many device applications, thin
TiO2 films (thickness < 150 nm) are nevertheless employed. As a result, the thermal
stability of the optical properties of such films is a prerequisite for stable device
operation in temperature varying conditions.

High thermal stability in optical properties of thin TiO2 films can be achieved by
employing, e.g., Al2O3 diffusion barrier films on the TiO2 films. Such Al2O3 films
exhibit natural immunity to environmental variations, and they also have excellent
optical properties [5–10]. The idea behind utilizing Al2O3 barrier films is to pro-
tect the underlying TiO2 films while retaining their inherent optical properties so
as to ensure proper and stable operation of optical devices in varying temperature
conditions. In fact, after exploration of thermo-optic properties of TiO2 films, it is
intrinsically required to study the properties of Al2O3 barrier films of similar thick-
nesses in varying temperature conditions in order to validate this idea.

It is shown in Paper I that the use of Al2O3 barrier films in the form of TiO2–
Al2O3 bilayers helps to protect the underlaying TiO2 films and improve their in-
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herent optical properties over a wide temperature range (T = 20–150◦C) in terms of
TOCs. In general, the optical properties and structural morphologies of thin films are
greatly influenced by thin film deposition techniques and process methods [4,11,12].
The influence of environmental effects (namely temperature) on the optical proper-
ties of TiO2 and Al2O3 thin films, and TiO2–Al2O3 bilayer films, is studied exper-
imentally in Papers I and II. Thin (∼ 100 nm) TiO2 films and Al2O3 barrier films
are studied in various bilayer combinations with the aim to achieve nearly ather-
mal operation with positive TOCs. This has been nearly achieved. Furthermore, in
addition to the work presented here, preliminary studies on thermo-optical and dif-
ferent crystalline phase properties of ALD-TiO2 films as a function of temperature
(by prism coupling) have also been completed.

Another part of this thesis work (Paper III) deals with Guided Mode Resonance
Filters (GMRFs) [13, 14] buried by ALD-grown TiO2. Burying surface-relief struc-
tures by TiO2 transforms them into volume-type elements with a nearly flat top sur-
face. These buried structures offer easy cleaning due to their flat-top fidelity. Hence
they can be re-used in, e.g., sensing applications without any noticeable damage
to the cover layer/structure or any deterioration in the optical response even af-
ter cleaning and re-using a number of times. These mechanically robust structures
should find wide applicability in resonance-domain diffractive optics [15–18] and in
realization of quasi-planar meta-materials [19–21].

The thin TiO2 and Al2O3 films and the TiO2–Al2O3 bilayers fabricated by ALD
are characterized by Variable Angle Spectroscopic Ellipsometry (VASE), Atomic
Force Microscopy (AFM), X-ray Diffractrometry (XRD), and Scanning Electron Mi-
crocopy (SEM). The GMRFs are designed by the Fourier Modal Method (FMM), fab-
ricated by Electron Beam Lithography (EBL) and Reactive Ion Etching (RIE), buried
by ALD, and characterized by SEM and spectroscopic measurements.

1.1 OUTLINE

The thesis consists of six chapters, which are outlined as follows. The present chap-
ter provided a general introduction to the studied field, the specific problems ad-
dressed, the objectives of the work, and the major breakthroughs achieved. Chap-
ter 2 illustrates the theoretical background of the theory of thin films, as well as
their design, fabrication, and analysis methods. Chapter 3 explains the theory and
concept of diffraction gratings, and in particular the main design and fabrication
methods of GMRFs. Chapter 4 describes the main experimental techniques used to
fabricate and characterize thins films and optical nanostructures. Chapter 5 high-
lights the main results for the thin films and buried grating structures. Finally, con-
clusions on major breakthroughs achieved for thin films and GMRFs are presented
in Chapter 6, along with an overview of foreseeable future work.
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2 Optics of thin films

Thin metallic, dielectric, and semiconductor films are widely exploited in optical
coatings either in the form of a single layer or in layered stacks consisting of materi-
als with different properties. Apart from their use in reflecting optical telescopes, the
first famous utilization of thin metal films dates back to 1899 when the Fabry-Perot
interferometer was developed, which required high-reflectance mirrors to achieve
good resolution in spectroscopy, thus enabling great advancements in this research
area. The use of dielectric thin films in coating optical lenses was greatly promoted
by Lord Rayleigh and Fraunhofer. The use of coated lenses found immense appli-
cations in optical imaging devices, such as microscopes, binoculars, telescopes, and
cameras. The use of dielectric thin films also found use in dielectric mirrors, optical
filters, selective absorbers, etc.

The focus on the use of optical thin films has extended quite radically from tra-
ditional optical components to newly emerging devices. Nowadays, thin films have
a wide variety of applications in many domains of optics and photonics. They are
used as highly reflective coatings in laser cavities, in material systems for integrated
photonics structures, in anti-reflection coatings for solar cells, and as barrier layer
coatings to impede permeation and protect environmentally sensitive devices in
varying atmospheric conditions, to mention a few [22, 23].

When light in the form of electromagnetic waves is incident on a single film or
a stack of thin films in a layered combination (stratified medium) from the outside,
it reflects and refracts at all interfaces. The optical response is then a superposition
of all multiply reflected and transmitted fields. A thin film (or film stack) can also
act as a waveguide that supports propagating modes when the refractive index of
the film is higher than those of the surrounding substrate and superstrate media.
In addition to these bound modes, each of which propagates along the waveguide
without a change in spatial profile, light waves can radiate from the film into the
substrate or into the superstrate. The last two types of modes can be termed as
radiation modes. These possible modes are all solutions to the Maxwell’s equations
that also meet the electromagnetic boundary conditions at the film-substrate and
film-superstrate interfaces. They can also be explained by Snell’s law of refraction
and the total internal reflection phenomenon [24].

In general, considering external illumination of a film or film stack, a part R
of the incident energy is reflected from the entrance surface, a part T is transmit-
ted through the exit surface, and a part A is lost because of absorption inside the
object. Furthermore, a part S is effectively lost because of scattering from imper-
fections such as surface roughness, density variations due to surface and internal
structure porosity, cracks, pinholes, impurities, etc. Then energy conservation gives
the relation

R + T + A + S = 1. (2.1)

The exact computation of the coefficients R, T, and A for any film or stratified
medium is discussed in detail in all standard optics textbooks. However, theoretical
estimation of the scattered part is a far more difficult task.

3



2.1 THIN-FILM DEPOSITION METHODS

The deposition methods of thin films date back to the latter half of 19th century when
Grove, in 1852, observed that metal deposits from a glowing cathode discharge. In
1859, Faraday produced evaporated thin films from exploding fuse-like metal wires
in an inert atmosphere. Two of the most famous and important methods of thin
film deposition in existence until today are sputtering and vacuum evaporation,
which fall into the category of Physical Vapor Deposition (PVD). These methods
evolved and gained popularity through various device and process development
advances. The main difference between these two deposition methods is that in the
former method the atoms are removed from the source material by thermal process,
whereas in the latter method the atoms are knocked out of the source material by
means of energetic gaseous ions. Although these deposition methods have been in
use for decades, they involve some compromises on the quality of thin films. Defects
such as film thickness non-uniformity, impurities, pinhole defects, cracks, density
variations, films adhesion problems, porosity, etc., remain still major issues [22].

In the Chemical Vapor Deposition (CVD) method [25], a direct chemical reaction
between a volatile compound of some material with suitable gases/gaseous reac-
tants atomistically deposits a desired nonvolatile thin film on a heated substrate
surface. The CVD method was adopted fast because of its immense advantages in
deposition of a variety of metal coatings and thin films, semiconductor coatings,
and other compounds either in amorphous or crystalline form. CVD allows to con-
trol the stoichiometry of the film, together with the privileges of relatively low-cost
process and equipment. However, with the passage of time, many variants of CVD
processing along with hybrid processing employing physical and chemical vapor
depositions were also developed [26, 27]. The selection of the most suitable method
for thin film deposition among the many presently available variants is based on the
desired film quality and intended applications/market [28].

2.2 ATOMIC LAYER DEPOSITION (ALD)

One of the most recent additions to the selection of thin-film deposition techniques
is Atomic Layer Deposition (ALD), developed by Tuomo Suntola in 1979 in Fin-
land [29]. ALD is an advanced form of CVD processing and superior over CVD
and other deposition techniques in many ways. In ALD, two gaseous precursors are
pulsed to the substrate surface periodically (e.g., in alternating precursor cycles),
resulting in precise thickness control at atomic scale. It facilitates uniform confor-
mal growth of pinhole and defect free thin films, starting from few-nanometer-thick
monolayers up to the desired thickness [30], and it is therefore used extensively in
nanoscale device fabrication. ALD allows material deposition in a broad range of
temperatures, typically from ∼ 50◦C to ∼ 500◦C [31]. In addition, the development
of roll-to-roll ALD enables its use at industrial scale [32]. A detailed overview of the
ALD technique is presented in Chapter 4.

Some of the most important thin-film materials deposited by ALD with excellent
optical, thermal, and mechanical characteristics are TiO2 and Al2O3 [33]. Since, in
this thesis, we deal with such films and their bilayer combinations, a brief intro-
duction to their properties (based on the achieved results) is given in the following
sections.
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2.2.1 TiO2 thin films

Amorphous ALD titanium dioxide (TiO2) thin films are known for their stable and
favorable properties such as: high refractive indices, low absorption losses, large
bandgaps, stability at high temperatures, excellent transparency in VIS and IR spec-
tral regions required in many optical sensor devices, photoactivity (hydrophilicity),
and the photocatalytic characteristics. One important aspect of ALD deposited TiO2
films is the adsorption of hydrogen containing species or oxygen vacancies formed
during the growth process that contribute to the changes in the refractive index of
the films later during the operational stages. In fact, such films undergo environ-
mental effects. Temperature, humidity, and moisture effects can also be accompanied
by a bandgap change of optical dielectric films due to adsorption of hydrogenated
species or formation of oxygen vacancies at interstitial positions. One such change
(positive or negative) is represented by the thermo-optic coefficient (TOC) dn/dT,
which measures the change in the material’s refractive index as a function of temper-
ature. It is further known that the thermo-optical properties of thin films in various
optical sensors based on stacked layer structures are thickness dependent. ALD-
TiO2 thin films of thicknesses < 150 nm exhibit a decrease in refractive index with
an increase in temperature (negative TOCs), whereas thicker films (> 150 nm) ex-
hibit positive TOCs. The reason for the decrease in refractive index or negative TOC
and density changes is the evaporation of hydrogenated (H2O, OH etc.) species sit-
uated at the near surface region of thin ALD-TiO2 films thus forming a widespread
depletion region (porosity region).

It has been demonstrated that higher-thickness ALD-TiO2 thin films (carrying
positive TOCs) can be used in athermal optical device configurations (e.g., in repli-
cated guided mode resonance filters/gratings), in thermal sensors where change
in optical constants with temperature has a significant effect, as protective and/or
diffusion barrier layers, as optical coatings in smart device structures, and in many
other applications [4, 34].

2.2.2 Al2O3 thin films

Alumina (Al2O3) or aluminum oxide is typically formed by the aluminum metal. Its
naturally occurring mineral forms include: Corundum (Al2O3), Diaspore (Al2O3.
H2O), Gibbsite (Al2O3.3H2O), and Bauxite. It also exists in the form of Boehmite,
Bayerite, and Nordstrandite in nature. The naturally occurring alumina has hexago-
nal unit cell structure but it also has octahedral sites and also exists in liquid struc-
ture form. The presence of strong oxygen chemical bonding in its structural forms
is the base of its excellent optical, thermal, electrical, mechanical, and chemical char-
acteristics.

Atomic layer deposited Al2O3 thin films carry favorable properties like chemical
inertness, insolubility in most chemical reagents, thermal stability at high temper-
atures, high refractive index, positive thermo-optic constants, low loss and high
transparency from near ultraviolet (UV) to near IR spectral regions. These excellent
features of ALD-Al2O3 thin films pave the way for their use in a wide variety of
applications. These films are used especially in integrated optics to realize low-loss
optical waveguides, integrated optical waveguide devices for biological and chemi-
cal sensors, waveguides for the telecommunication window around 1.5 µm, etc.

In addition to the above-mentioned properties and usages, the chemical inert-
ness and excellent stability properties of ALD-Al2O3 thin films make them capable
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of resisting the diffusion and permeation of any material inside the film. Hence
these films can act as protective and/or diffusion barrier layers, and find plenty of
applications in electronics, optics and photonics [34, 35].

2.2.3 TiO2–Al2O3 bilayers

As both ALD-TiO2 and Al2O3 thin films carry excellent characteristics, their com-
bination enhances their respective barrier and other capabilities. It has been shown
that when an ALD-Al2O3 thin film is deposited onto an ALD-TiO2 deposited stain-
less steel substrate, the Al2O3/TiO2 bilayer combination enhances the substrate’s
protective ability against corrosion by strongly reducing corrosion current density.
Bilayer and multilayer configurations of ALD-Al2O3–TiO2 thin films show better
corrosion protection of the stainless steel substrate than single layers of either of
these films, especially ALD-TiO2 films [36].

As stated earlier, the refractive index of thin ALD-TiO2 films decreases with in-
creasing temperature and consequently its dn/dT value is negative. This is because
of the decrease in the film’s density due to existence of pores that are filled with
hydrogenated species on the film’s surface and vaporize upon increasing temper-
ature. The combination of ALD-Al2O3 and TiO2 thin films as a bilayer contributes
to filling pores/holes that exist near the surface of TiO2 thin films. The refractive
index of ALD-Al2O3 thin films shows an increase at higher temperatures, giving
positive dn/dT values [12]. This, together with the protective nature of Al2O3, leads
to positive TOC also for thin bilayers.

The use of bilayers is also believed to improve the performance of GMRFs by
stabilization of the spectral shifts that are induced due to thermal changes. Such
stable nanophotonic devices have extensive scope in sensor industry [34, 35].

2.3 THIN-FILM CHARACTERIZATION METHODS

There exist several methods for optical and structural characterization of thin films.
Scanning electron microscopy and atomic force microscopy techniques are two of
several structural characterization methods, which were in use also in the present
work. Spectroscopic ellipsometry [37] is one of the several techniques for optical and
thermo-optical characterization of thin films. This technique was used for character-
ization of both single-layer films and bilayer structures, and a brief description of it
follows.

2.3.1 Spectroscopic ellipsometry

Spectroscopic ellipsometry is an optical characterization technique that detects the
changes introduced in the polarized incident light beam as a result of reflection
or transmission from the sample’s surface. The refractive index n, the extinction
coefficient k, and the thickness T are extracted by fitting the measured ellipsometric
data with a model for the layered structure [38]. Interpretation of the data and the
retrieval of the complex refractive index of a material are, in the simplest case, based
on Fresnel’s reflection/transmission equations for polarized light as discussed in
more detail in Chapter 4.

A comparison between the deposition quality of TiO2 thin films grown by Atomic
Layer Deposition (ALD) and Electron Beam Evaporation (EBE) methods is shown in
Fig. 2.1. The superior quality of the ALD-grown film is evident.
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Figure 2.1: Cross-sectional SEM images showing the deposition quality of ∼

300 nm TiO2 thin films grown by (a) atomic layer deposition and (b) electron beam
evaporation methods on Si substrates [34].
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3 Diffraction and gratings

3.1 DIFFRACTION GRATINGS

It has been well established by both theory and experiments that light has dual
nature, i.e., it possesses both wave and particle characteristics. The wave charac-
teristics are supported by classical optics, whereas the particle characteristics are
supported by quantum optics [39, 40]. Diffractive optics is based on the wave na-
ture of light, manifested by the classical phenomena of diffraction [17]. Diffractive
optical elements (DOEs) are permittivity-modulated micro structures, which can be
realized as micro-relief profiles. These profiles may be globally periodic surface-
relief or index-modulation structures, or they may be only locally periodic, such
as diffractive lenses [41–44]. Although some features of DOEs can be described by
geometrical optics, their complete characterization requires wave optics [45–47].

A diffraction grating, or simply a grating, consists of a series of reflecting or
transmitting elements, which are separated by a distance (i.e., period) usually greater
than, comparable to or less than the interacting light wavelength [48]. The main fun-
damental physical characteristic of the grating element is the spatial modulation of
the (possibly complex) refractive index [49]. The light diffraction from a grating
structure with period d is generally represented by the grating equation

n2 sin θm = n1 sin θi + mλ/d, (3.1)

where n1 and n2 are the refractive indices of the incident and output media, respec-
tively, θi and θm are the incident and diffracted light wave angles with respect to the
grating normal, m represents the index of the diffraction order, and λ is the vacuum
wavelength (for reflection gratings n2 = n1).

Depending on the application, the grating period d can vary from sub-wavelength
scale to tens of wavelengths. If d is at least several times larger than the wavelength
of light, one observes a number of propagating diffraction orders. This number re-
duces with the decrease in d but also depends on the angle of incidence of the
illuminating light beam and the refractive indices of the surrounding media, as in-
dicated by Eq. (3.1). When the number of propagating diffraction orders is small
e.g., generally in case of reflection gratings (where λ/d ∼ 1), one frequently talks
about the resonance domain [49–51]. Since in this domain anomalous effects, in-
cluding Rayleigh, Wood, guided-wave, and plasmon-excitation resonances are com-
monplace and play a prominent role. With proper design of the grating structure,
for example the first diffraction order can be made dominant [52, 53]. Finally, when
the grating period is below the wavelength of the incident light, one speaks of sub-
wavelength gratings. For sufficiently small values of d, only the zeroth diffraction
orders (transmitted/reflected) propagate and all higher orders are evanescent. If
d ≪ λ, the physical refractive-index distribution within the grating can often be ap-
proximated by an (averaged) effective refractive index, which depends on the state
of polarization of incident light [54]. Then the grating layer acts much as a (generally
birefringent) spatially uniform thin film.

It should be noted that the effective-index model is not valid for all gratings that
support only the zeroth reflected and transmitted orders. This is because effective-
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medium theories do not account for evanescent fields or guided/plasmonic modes
propagating along the direction of the modulated grating surface. If d ≈ λ, resonant
coupling into evanescent fields can be strong. The guided mode resonance filters
discussed in this work are examples of such gratings. While these structures may
reflect and transmit only the zeroth orders, resonant coupling of light into (leaky)
waveguide modes causes anomalous transmission/reflectance properties that are
not accessible by effective-medium theories.

The origin of the resonant nature of diffraction gratings came into existence by
Wood in 1902. He observed sharp variations in the reflection spectra of metallic
gratings, manifested as bright and dark bands for TM-polarized light, which he
called anomalies [55]. Lord Rayleigh in 1907 presented a theoretical explanation for
these anomalies as the appearance of a particular spectral order at grazing inci-
dence. These spectral positions of the so-called Rayleigh anomalies follow directly
from the grating equation. However, not all anomalies observed by Wood can be
explained in this way. Rapid spectral modulations also occur near (but not exactly
at) the Rayleigh wavelengths, and these are associated with the excitation of surface
plasmon waves that propagate along the grating surface [51]. While such anomalies
occur only in TM polarization for metallic surface-relief gratings, anomalies of sim-
ilar nature can (under certain circumstances) be observed in dielectric gratings for
any state of polarization. These are associated with the excitation of guided waves
that propagate within and near the modulated region of the gratings [56, 57]. This
is indeed the operation principle of guided mode resonance filters to be described
in more detail below.

In order to analyze resonance-domain gratings computationally, one needs to
employ numerical methods to solve Maxwell’s equations based on rigorous diffrac-
tion theory. This can be done either in the space time-domain or in the spatial-
frequency domain [58]. The most common methods employed are the Finite Differ-
ence Time Domain (FDTD) method (for time-domain analysis of Maxwell’s equa-
tions) [59] and Finite Element Method (FEM) (a frequency-domain method) [60].
A method, namely the Fourier Modal Method (FMM) (a spatial frequency-domain
method), which is considered the most efficient and accurate electromagnetic anal-
ysis frameworks in optics and photonics for most purposes [61], has been is used in
the present work.

3.2 GUIDED MODE RESONANCE FILTERS (GMRFs)

In a variety of optoelectronic and photonic devices based on gratings, the ability
to withstand extreme conditions (high input energy, varying temperature, pressure,
humidity etc.) without a significant change in functionality is an important issue.
High operational stability is important to ensure consistent performance of optical
devices such as Distributed Feedback (DFB) lasers [62], Grating Surface Emitters
(GSEs) and GSE arrays [63, 64], and many others [1]. In many applications, guided
mode resonance filters (GMRFs) are also required to retain high performance in
harsh environments. This is particularly true in many sensor applications, and im-
proving the environmental resistance of GMRFs is one of the central goals of the
present work.
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3.2.1 Background, basic operation and applications

Guided mode resonance filters [65–67] can be realized in many structural forms
(see Fig. 3.1 for some simple examples), but all of them are based on the same
basic concept. Incident light that arrives externally at such a structure can, under
suitable resonant conditions, be coupled into a guided mode of the waveguide.
However, because of the periodic modulation, the waveguide is leaky and therefore
light is eventually coupled out of it in the form of radiation modes. The result is
a sharp spectral response, which occurs in the form of a narrow reflection peak at
particular wavelength that depends on the incident angle, the refractive-index, and
the geometrical parameters of the grating structure. The GMRFs are sensitive to
the polarization states of incident light waves, with different resonance positions in
Transverse Electric (TE: electric field vector is perpendicular to plane of incidence)
and in Transverse Magnetic (TM: electric field vector is in the plane of incidence)
polarizations.
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Figure 3.1: Cross-sectional structures of some simple GMRFs. (a) Binary index-
modulated structure. (b) Thin-film waveguide modulated by a binary surface-relief
profile.

The sharpness (narrow/broad) and form (symmetric/asymmetric) of the spectral
peaks depend on the design parameters of the grating structure, which are limited
and influenced by the fabrication procedure as well. The overall reflectivity of GM-
RFs is generally affected by the angle of incidence, the cover layer material, other
associated design parameters, the structural deviations due to fabrication, and also
by temperature variations during structural characterizations, especially in the case
of polymeric structures [68–70]. The overall reflectivity also depends on the shape
and size of the illuminating fields, as one can readily appreciate by decomposing the
incident field into an angular spectrum of plane waves. Since the GMRF response
depends on the angle of incidence, not all plane waves included in a finite inci-
dent field satisfy the guided-mode resonance condition exactly. Filters can be made
non-polarizing and temperature-independent (athermal) using suitable design pa-
rameters and choice of cover layer material [71, 72].

3.2.2 Design by the Fourier Modal Method (FMM)

A GMRF should produce the reflection peak of a certain width at a specified spectral
position depending on the intended application. As already indicated, these features
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depend strongly on the structure of the GMRF and the refractive indices of the
substrate and superstrate media, as well as on the angle of incidence. The design
goal is then to choose the grating parameters to meet these goals. For example, in
the case of Fig. 3.1(b), the structural parameters to be optimized in design are the
grating period d, the thickness t of the waveguide, the groove depth h, and the fill
factor parameter c, provided that the refractive indices ns, ng and nc are fixed.

In this work computational parametric optimization is used and the grating re-
sponse for each parametric configuration is evaluated by the Fourier Modal Method
(FMM) described in detail in Ref. [61]. Briefly, in FMM, Rayleigh (plane-wave) field
expansions are used outside the modulated region of the grating, whereas pseu-
doperiodic Bloch-mode field expansions are used inside the grating. The Bloch
modes are solved numerically from eigenvalue equations that follow from Maxwell’s
equations. Then the field expansions inside and outside the modulated region are
matched using the electromagnetic boundary conditions. This procedure leads to the
complex amplitudes of the propagating and evanescent orders outside that grating,
and it also gives the weights of the modes inside the grating. From this information,
the electromagnetic field in the entire space can be obtained uniquely.

3.3 RATIONALE OF ALD-TiO2 BURIED GMRFs

There is an immediate, growing need to develop cost-effective and reliable bio-
molecular/chemical sensor technologies. Most biosensor technologies currently avail-
able are based on fluorescent or absorption labeling to account for a specific bio-
molecular reaction. In order to develop low-cost and highly efficient sensors with
quick response and accurate output, there is an increasing demand for sensor tech-
nologies without the use of labeling. These sensor technologies must cover a wide
range of molecules to be screened selectively with a least assay development using
available antibody-antigen, nucleic acids, and other highly selective bio-materials
broadly applicable in biomedicine based on photonic resonance concept. The na-
ture of leaky excited modes depends on both the surface pattern and the underly-
ing structure. Leaky modes, known as surface plasmons, can be excited on purely
surface-modulated metallic gratings. They can also be generated on flat metal sur-
faces coved with periodically modulated dielectric layers. In all dielectric- and semi
conductor-based periodic structures, the excitation of leaky modes is based on the
guided-mode resonance effect, which requires a sufficient effective-index contrast
between the modulated (volume) region and the surrounding media.

Previously, a number of optical sensors for bio- and chemical detection have
been reported, including label-free sensor technologies such as Surface Plasmon
Resonance (SPR) sensors [73], MEMS based sensors [74], nano-sensors (particles,
wires, belts, rods) [75], resonant mirrors [76], Bragg grating sensors [77], waveguide
sensors [78, 79], waveguide interferometric sensors [80], ellipsometry [81] and grat-
ing coupler sensors [82]. The SPR sensors are analogous in features and operation
to the GMRF sensors, although different in concept and function. Surface Plasmon
(SP) refers to the oscillation of an electromagnetic field charge-density at an inter-
face between a conductor and a dielectric (e.g., gold/glass interface). The SP mode
is excited at resonance by incident TM-polarized light only, and results in an ab-
sorption minimum at a specific wavelength band. The angular and spectral sensi-
tivities are not very high for SPR sensors compared with other sensors, which have
a relatively large FWHM. But, a SPR sensor can detect bio-molecules using only a
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single polarization (TM) state and the corresponding changes in the refractive index
and bio-layer attachments cannot be resolved simultaneously in one measurement,
which limits their use in portable diagnostic applications where thermal variations
occur, in comparison to GMRF sensors [83, 84].

We propose label-free [85] GMRF-based sensors exploiting tuning on variation
in resonance structure parameters specifically, including cover layer thickness and
refractive indices. In the proposed approach, the GMRF sensor is based on the high
parametric sensitivity that is inherent to the fundamental resonance effect for both
TE- and TM-polarization states. It is based on the same concept as if an attaching
bio-molecular/chemical layer, which changes the parameters (mostly thicknesses
and refractive indices in our case) of the ordinary surface-relief resonant element
and leads to the corresponding sharp spectral wavelength variations. In the pro-
posed GMRF sensor, a target analyte interacting is placed on a dielectric cover layer
(which fully buries the surface-relief grating profile), can thus be identified without
additional processing for any polarization state.

The research work focuses on the development of compact, high performance,
buried and nearly flat-top GMRFs based sensors. The sensor is based on a periodic
dielectric waveguide of the type illustrated in Fig. 3.2. The starting point is a binary
high-aspect-ratio GMRF made of a high-index material on a lower-index substrate.
Then ALD-coating is applied until the binary structure is effectively buried in a
lower-index material, resulting in a nearly flat top surface. The design of such buried
GMRFs is discussed in detail in Chapter 5.

The input light is efficiently reflected in a narrow spectral band whose central
wavelength is highly sensitive to chemical reactions occurring at the sensor surface.
The spectral resonance wavelength depends on the periodicity and refractive in-
dices of the structure and surrounding media. Interaction of a target analyte with
a dielectric cover layer on the sensor surface results in measurable spectral/angular
shifts that directly identify the binding event without involvement of a foreign tag
(it implies that the detection methods do not require the use of chemical indica-
tors for read-out, such as fluorescent, luminescent or radioactive materials). A bio-
/chemical-selective layer is incorporated on the sensor surface that is buried with
dielectric cover layer to give a specific spectral effect during operation. Such sensors
are responsive to thickness changes from the nanoscale to several µm, thus com-
parable to other sensors and planar waveguide configurations. The proposed plan
motivates to develop sensor technology that can be used to detect binding events at
the molecular level as well as for analytes with micron-scale dimensions.

When a broadband light source illuminates buried GMRF sensors, a specific
wavelength of light is reflected at a particular designed angle encountering a binding
interaction of an immobilized dielectric cover layer with an analyte (a bio-/chemical-
layer) and corresponding spectral shifts (for both TE/TM-modes) can be easily mea-
sured by a spectrophotometer or an ellipsometer. Since the excited resonance is
polarization dependent that produces separate resonance peaks for TE- and TM-
polarizations. The sensor element covalently bonds a selective detection layer and
the sensor is multi-functional (with its known specific spectral shift positions for
TE-and TM-polarization states) as only the sensitizing surface layer needs to be de-
tected based on sensor’s known polarization states. Such kind of sensors can also
be designed and fabricated to yield polarization-independent spectral characteristics
by evaluating common geometrical parameters of the GMRFs, simply at the point of
intersection of dispersion curves for corresponding TE- and TM-modes. However,
the linewidths of the spectral curves (TE/TM) may be different depending on the
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Figure 3.2: The concept and fabrication of buried GMRFs. (a) A high-aspect-ratio
binary GMRF. (b) The structure coated conformally by a thin ALD film. (c) The
structure buried completely by ALD. (d) The ALD buried structure with sensing
analyte on top.

effective refractive indices encountered by the light. Buried GMRF based sensors can
easily be designed and fabricated to operate in the near-IR wavelength range where
most bio-/chemical sensors show minimum absorption.

The goal of this proposed research is to investigate and develop (design, fab-
rication, and characterization) functional buried and flat-top bio-/chemical GMRF
sensors based on GMR effect on an inorganic substrate. The same concept can be ex-
tended to polymeric resonant waveguide grating based sensors using optical grade
polymer materials such as Polycarbonate (PC), Cyclic Olefin Copolymer (COP) and
Ormocomp (OC) etc. [86, 87]. The fabricated sensors can be helpful for the diag-
nostic purposes as reusable sensors because of an ease to clean the sensing surface
after detection measurements. Such sensor technology may be broadly applicable
to medical diagnostics, drug discovery and development, industrial process control
and environmental monitoring, and plenty of other exciting nanophotonics applica-
tions [88].
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4 Fabrication and characterization methods

4.1 ELECTRON BEAM LITHOGRAPHY (EBL)

Lithography is a process of creating, printing, or transferring patterns on some mate-
rial, with its roots deep in history [89,90]. Today, there exists a variety of lithographic
approaches such as electron beam, nanoimprint, X-ray, ion-beam, dip-pen, and ex-
treme ultra-violet (EUV) methods [91] suitable for micro- and nano-patterning. Elec-
tron beam lithography (shortly e-beam lithography or EBL) is a versatile technique
to directly write designed patterns on an electron-sensitive resist, with the capabil-
ity of producing features down to a few tens of nanometers in size. A schematic of
basic EBL optics and process is illustrated in Fig. 4.1.

Beam shaping aperture

Beam blanking deflector

Beam position deflector

Sample

Lens L2

Lens L1

Gun
Electron source

Crossover

Beam blanking aperture

α

Figure 4.1: Schematic of basic EBL optics and process (Reproduced with kind
permission Ref. [45]).

The idea of e-beam lithography was proposed by Buck and Shoulders in 1958
and two years later, this idea was demonstrated in practice by Möllenstedt and
Speidel [92]. The development and application of the EBL technique to the fabrica-
tion of micro- and nano-optical elements in diffractive optics was largely pioneered
by Ernst-Bernhard Kley et al., in Jena, Germany over the past few decades [93, 94].

In EBL, the desired patterns are drawn when incident radiation (a focused elec-
tron beam) under high accelerating voltage (usually in kV range) interacts with the
resist and produces a physical alteration in it. As a result, either the exposed part of
the resist (positive resist) or the unexposed part (negative resist) is removed during
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the development process. The patterned resist acts as a binary mask for further pro-
cessing. The desired pattern to be written is drawn on a compatible software. This
data is converted into a format recognized by the e-beam writer. The e-beam then
scans the resist surface by means of magnetic field according to the electronic data
received and starts the writing process.

The resolution of EBL is not limited by the electron-optical system itself; rather
it depends on the resist resolution, electronic interactions within the resist by scat-
tering processes, and other subsequent fabrication process steps [91]. Patterns with
features finer than 5 nm can be drawn using commercially available resists when the
electron beam is accelerated at around 100 kV. However, EBL is a time-consuming
process since patterns are drawn serially and the writing time is directly dependent
on the complexity of the structure. Hence, EBL is best suited for writing struc-
tures in low volumes, or in patterning masks that are subsequently used to make
replicas in large numbers by optical lithographic or nanoimprint techniques [95–97].
The EBL machine used for patterning the optical nano-structures in this work was
EBPG5000+HR manufactured by Vistec [98].

4.2 ATOMIC LAYER DEPOSITION (ALD)

In the beginning, Atomic Layer Deposition (ALD) was also known as Atomic Layer
Chemical Vapor Deposition (AL-CVD) or Atomic Layer Epitaxy (ALE) that was in-
vented by Tuomo Suntola in 70’s in Finland. It was mainly used for the deposition
of uniform thin films over wide-range areas of display devices. In early days, AL-
CVD/ALE/ALD was mainly used for the production of thin-film electrolumines-
cent display devices. The first successful demonstration that introduced the ALE
or ALD technique to the scientific world was the ALD-coated electroluminescent
flat panel displays installed at Helsinki airport during 1983–1998. Further develop-
ments and modifications in the ALD device design and improvements in the process
parameters led to the atomic-level thickness control of thin-film deposition for the
reduced device dimensions [34, 99–102]. Commercial availability of ALD reactors
accelerated the use of ALD in different domains of industry [29, 34, 103, 104].

Today, the ALD technique allows the manufacture of nearly pinhole-defect-free
films with precise atomic-level thickness control, self-controlled alternating surface
reactions, and wide-area uniformity. Growth of high quality thin films at temper-
atures as low as 50◦C and also at high temperatures (up to 500◦C) [31], excellent
conformality over corrugated or zigzag surface profiles, and large batch processing
capabilities are a few hallmarks of its versatile characteristics. The basic operation of
ALD lies in the self-limiting chemical reactions of alternating precursor molecules
on the substrate’s surface at specific temperature, which initializes these surface re-
actions. At first, precursor "A" molecules are pulsed to the ALD chamber, which
are adsorbed/chemisorbed on the substrate surface, followed by purging with in-
ert gas (N2) that removes excess precursor molecules or any other by-products.
Then precursor "B" molecules enter the ALD chamber and react with precursor "A"
molecules, are chemisorbed on substrate surface and make binary compound(s) fol-
lowed by purging with inert gas to remove extra precursor "B" molecules and/or by-
products. In this way one ALD cycle completes and many of these ABAB cycles are
needed to form a uniform and high quality film according to the requirements. The
growth rate is often expressed as an amount of material deposited per reaction cy-
cle. This inherent nature of the ALD method opens possibilities for deposition of a
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variety of precursor materials from metals to oxides, nitrides, phosphides, chlorides,
sulphides, and hydroids on variety of substrates, e.g., silicon, silica, polymers, and
in fact on any kind of feasible substrate materials [34].

Owing to its excellent merits, ALD covers vast application regimes in optics
(integrated optics, diffraction gratings, guided mode resonance optical filters, 3D
photonic crystals, etc.), in electronics (e.g., gate oxides, diffusion barrier coatings,
multilayered trench capacitors), in nanodevices (e.g., nanomaterials, nanolaminates,
nanoparticles, nanotubes, nanodots, etc.), in display devices (e.g., OLEDs, protective
layers, plasma displays), in the energy sector (e.g., silicon solar cells, fuel cells) and
various other fields such as bio/gas sensing, food packaging materials, permeation
barriers, jewelry, and optical telecommunication components [2,34,99–102,105–108].

A schematic of the basic ALD process is illustrated in Fig. 4.2.

Figure 4.2: Schematic of the basic ALD process illustrating the deposition of Al2O3
film using trimethylaluminum (Al(CH3)3) and water (H2O) as precursors (Repro-
duced with kind permission by Beneq [31]).

The commonly used precursors for the deposition of TiO2 and Al2O3 thin films
by ALD are titanium tetrachloride (TiCl4) and water (H2O), and trimethylaluminum
(Al(CH3)3) and water (H2O), respectively [109]. Also, atomic oxygen or ozone re-
places water as a precursor material depending on the application. TiO2 and Al2O3
deposition occurs as a result of the following chemical reactions during CVD pro-
cess [110, 111]:

TiCl4(g) + 2H2O(g) → TiO2(s) + 4HCl(g)(CVD), (4.1)

2Al(CH3)3(g) + 3H2O(g) → Al2O3(s) + 6CH4(g)(CVD). (4.2)

Whereas, in the generally accepted ALD-TiO2 growth mechanism, TiCl4 reacts with
the adjacent surface OH (H-bonded OH) groups, releasing hydrochloric acid (HCl)
in the first half reaction (ALD A) [112]:

n(−OH)(s) + TiCl4(g) → (−O−)nTiCl4 − n(s) + nHCl(g), (4.3)

where (s) and (g) denote the surface and gaseous phase, respectively. In the second
half reaction (ALD B), the adsorbed chlorotitanium reacts with water, releasing HCl
again and generating OH groups for the next reaction cycle.

(−O−)nTiCl4−n(s) + (4 − n)H2O(g) → (−O−)nTi(OH)4−n(s) + (4 − n)HCl(g).
(4.4)
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Similarly, the reaction cycles of ALD-Al2O3 growth proceed as follows [113]:

Al− OH∗(s) + Al(CH3)3(g) → Al − O − Al(CH3)2
∗(s) + CH4(g)(ALD A), (4.5)

Al − O − Al(CH3)2
∗(s) + 2H2O(s) → Al − O − Al(OH2)

∗(s) + 2CH4(g)(ALD B).
(4.6)

The TiO2 and Al2O3 films deposited at 120◦C are amorphous in nature but micro-
crystalline films can also be grown by ALD at higher deposition temperatures. ALD
offers many practical advantages over its counterparts in terms of atomic level thick-
ness control, uniform coverage, excellent conformality, pin-hole free films, large area
uniformity, etc. ALD, because of its unique thin film deposition characteristics, can
deposit a wide variety of metal oxide materials based on the application point of
view. In Papers I and II, the TiO2 and Al2O3 thin films (also bilayers) were de-
posited on 2-inch silicon wafers (with 2 nm native oxide layer) using TiCl4/H2O,
and Al(CH3)3/H2O precursors, respectively, at 120◦C. The growth rates for the TiO2
and Al2O3 thin films were 0.065 nm and 0.12 nm per cycle, respectively. The TiO2
thin films were deposited on silica gratings using the same precursors and deposi-
tion temperature mentioned above at a growth rate of 0.07 nm per cycle in Paper III.
The fabrication processes are discussed in detail in Papers I–III. The ALD machine
used for the fabrication of thin films and optical nanostructures in this work was
ALD TFS 200-152 by Beneq [114].

4.3 SPECTROSCOPIC ELLIPSOMETRY

Ellipsometry is a non-invasive, non-destructive and in-line optical characterization
technique based on the measurement of changes in the polarization state of an in-
cident light beam reflected or transmitted from the sample surface [115]. The basic
principle of operation of ellipsometry is based on the determination of the phase
change in polarized light after reflection/transmission from the sample. The input
light is polarized before its interaction with the sample. Ellipsometer is regarded as
an instrument that measures this change [34, 116].

An ellipsometer unit consists of a broadband arc lamp, a monochromator, a
fiber optic cable, an input unit consisting of a collimator, polarizer, and an align-
ment detector with mounting, a rotatable sample stage, iris and nosecone head,
an output unit that consists of an analyzer and detector, and a computer with
WVASE32 software for controlling almost the entire system. The basic operating
principle of ellipsometry is that the arc lamp produces and supplies broadband light
to the monochromator. The monochromator selects the desired wavelength. The
monochromatic light is then coupled into the input unit through a UV/IR fiber optic
cable. The monochromatic light after passing through the input unit becomes colli-
mated and polarized. The input unit establishes the desired polarization state of the
input light beam. The monochromatic, modulated, collimated, and polarized light
beam is then incident on the sample. After reflection/transmission from the sample,
the light beam enters the iris and nosecone unit, with adjustable iris that limits the
amount of light entering. The light beam then enters the output unit that consists
of an analyzer and a detector endcap. The output unit analyzes and measures the
change in the polarization state of light beam. The light beam is then converted into
an electrical signal by the output unit and the information is available in digital form
for further analysis with WVASE32 software [34, 117].

18



The mathematical description of the ellipsometry theory is based on Fresnel’s
reflection and transmission equations for polarized light [34,118]. Since electromag-
netic plane waves are (the simplest) solutions of Maxwell’s equations, there is a
direct relation between Fresnel’s and Maxwell’s equations for the case of polarized
light. The ellipsometric measurements are expressed in terms of parameters Ψ and
∆ and their relation with Fresnel reflection coefficients can be expressed by the rela-
tion

ρ =
rp

rs
= tan Ψ exp (i∆) , (4.7)

where ρ is the ratio of complex Fresnel reflection coefficients. In rp, subscript p
stands for p-polarized light (electric field vector is in the plane of incidence), whereas
in rs, the subscript s stands for s-polarized light (electric field vector is perpendicular
to the plane of incidence). Since ρ is the ratio of two complex reflection coefficients,
the ellipsometric measurements are often accurate [34,119,120]. The quantity Ψ rep-
resents the magnitude of the ratio ρ of Fresnel reflection coefficients and ∆ represents
the phase difference between these coefficients [116]. The Fresnel complex reflection
coefficients rp and rs can be further presented by the following equations:

rp = ρp exp
(

iδp
)

, (4.8)

rs = ρs exp (iδs) . (4.9)

The desired optical parameters can be extracted by employing Fresnel’s reflection
equations after measuring Ψ and ∆ values at a specific wavelength [34, 120]. A
schematic of illustration of spectroscopic ellipsometer components is shown in Fig. 4.3.

Source
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Detector

Sample
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Figure 4.3: Schematic of basic illustration of operating principle of spectroscopic
ellipsometer (Reproduced with kind permission Ref. [45]).

Variable angle spectroscopic ellipsometer does not measure optical constants,
thin film thicknesses, or other optical properties directly. It measures reflected or
transmitted intensities in terms of change in the polarization states. The change in
the polarization state of a light beam is expressed in terms of Ψ and ∆. Therefore,
the modeling of the ellipsometric data based on the relevant theoretical models is
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necessary in extracting useful optical information about the sample. First, the el-
lipsometric data is measured for the desired spectral range and angle of incidence.
Second, the optical model that suits best with the available sample structure infor-
mation is selected. The Fresnel’s equations, linked in the selected model, are used
for the prediction of the expected data. Third, the comparison between the exper-
imental and model data is established [34, 121]. This procedure is used to extract
thickness and optical constants of single layers and individual layers in multilayers
as well as other desired optical properties of the sample upon good match between
the experimental and model based data curves. There exist several models for the
determination of optical constants of thin films that are embedded into WVASE32
software. One among such models is the Cauchy model [34,122–124] that is suitable
for the determination of optical constants of transparent and semi-transparent thin
films within spectral regions of incognizant absorption.

In the Cauchy model, the refractive index n and the extinction coefficient k can be
represented as slowly varying functions of wavelength and exponential absorption
tail, respectively, by the following equations:

n (λ) = A +
B

λ2 +
C

λ4 + ...., (4.10)

k (λ) = α exp
{

β

[

12400
(

1
λ
−

1
γ

)]}

. (4.11)

Here A, B, and C are the model fitting constants, while the extinction coefficient
amplitude α, the exponent factor β, and the band edge γ are all fitting parameters
of the Cauchy model [34, 122].

The Cauchy model provides good fitting quality and useful information about
the optical properties of dielectric and semiconductor thin films. It also explains the
behavior of Ψ and ∆ curves near the band edge that is approximately in the wave-
length range from 375 nm to 410 nm. The inclusion of the exponential absorption
tail is useful for the correct explanation of sub-band-gap absorption near the band
edge in the case of thin oxide films [34, 125].

The spectroscopic ellipsometry technique equipped with variable angles of inci-
dence allows acquiring more information about the sample. Variable angle spectro-
scopic ellipsometric measurements involve the use of variable angles of incidence
and wide spectral range. The variable angles of incidence in spectroscopic ellipsom-
etry can be attributed to acquiring data near the pseudo-Brewster angle for the sam-
ple. At pseudo-Brewster angle, the sensitivity of ellipsometric measurements is high
when the measured ∆ values are close to 90◦. For semiconductors and low refractive
index materials, the pseudo-Brewster angle is near 75◦ and 60◦, respectively [34,116].
The variable angle spectroscopic ellipsometer is very popular for research on new
materials and processes. Variable angle spectroscopic ellipsometers are commer-
cially available with a wide spectral range from 150 nm to 3300 nm [34, 119] and
angles of incidence from almost 15◦ to 90◦ with an accuracy of 0.01◦ [34, 126].

Ellipsometry is not limited to just measuring thin film thicknesses, optical con-
stants, and many other physical quantities. But, it is also used to characterize both
thin films and bulk materials from extremely thin to many microns thick sam-
ples. Ellipsometry measurement areas include (but are not limited to) the determi-
nation of: Alloy ratio, birefringence, cross-polarized reflection or transmission, crys-
tallinity, depth profile of the material, depolarization, doping concentration, growth
rate, optical anisotropy, optical constants like refractive index, extinction coefficient,
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and/or dielectric constants in UV, VIS and IR spectral ranges; retardance, reflectance
and transmittance intensity, surface roughness, surface uniformity of samples, tem-
perature, etc. [34,116,119,121,127]. Thin films and optical nanostructures were char-
acterized by a Variable Angle Spectroscopic Ellipsometer (VASE) with a High-Speed
Monochromator System HS-190 by J.A. Woollam [128].

4.4 OPTICAL CHARACTERIZATION METHODS

4.4.1 Scanning electron microscopy (SEM)

A scanning electron microscope (SEM) is basically used to capture high quality
images of an object under consideration. The SEM uses a high energy beam of
electrons produced by an electron source, which is first focused by a condenser lens
and then again by an objective lens followed by scan coils. After traveling through
a number of lenses and apertures, the focused high-energy beam interacts with
the sample atoms and as a result of beam-sample interactions, the electrons are
released. The knocked-out electrons are known as secondary electrons and these
are detected by a scintillation material, which produces flashes of light from the
secondary electrons, and the information collected from them is transformed into
the image/topology of the surface. These beam-sample interactions can also result
in the emission of backscattered electrons, photons, and heat [129–132]. The SEM
system used for structural characterization of thin films and optical nanostructures
was LEO 1550 Gemini by Zeiss [133].

4.4.2 Prism coupling (PC)

A prism coupler is an optical characterization device, with which one can accu-
rately measure the thicknesses, refractive indices, effective indices/birefringence of
dielectrics and polymer films, in addition to refractive indices of bulk materials. The
prism coupler measurement system consists of a prism, the coupling head, three
lasers, a photodetector, temperature controller, and a computer controlled rotary
table. The film whose refractive index and thickness to be measured is brought in
contact between the coupling head and a prism. The laser light is incident onto the
prism base and is totally internally reflected to the photodetector. Since a small air
gap exists between the film and the prism, at certain discrete angles set by the ro-
tary table, the photons tunnel through the air gap into the film and support guided
optical propagation modes. The rotary table varies the incident angle and locates
the modes automatically. The angular location of the first mode determines the re-
fractive index of the film, whereas the angular difference between two modes deter-
mines the thickness.

A prism coupler offers several practical advantages over its counterparts, e.g.,
refractrometers, ellipsometry, and/or spectrophotometry in terms of index mea-
surement accuracy, high resolution, high stability, rapid and error-free characteriza-
tion, easy index vs. wavelength measurements, index vs. temperature measurements
(dn/dT), and waveguide losses with wide index measurement range. We utilized
Metricon Model 2010/M prism coupler [134] for characterization measurements of
amorphous and crystalline ALD-TiO2 thin films.
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4.4.3 X-ray diffractometry (XRD)

X-ray diffractometry is a process of identification of unique fingerprints of ele-
ment(s) present in amorphous, crystalline, poly-crystalline, or compound materials.
Its principle is based on the detection of diffracted beams, which consist of a large
number of scattered and mutually re-inforced rays, from a series of single crystal
planes often termed as X-ray diffracted beams [135]. X-ray diffraction measurements
were carried out with Advance D8 device by Bruker [136].

4.4.4 Atomic force microscopy (AFM)

Atomic Force Microscopy (AFM) is an essential tool to study the surface topograph-
ical properties of a wide variety of samples at nanometer scale. It offers 3D surface
profile measurements of a sample and its primary modes of imaging surfaces are
contact mode, dynamic mode (tapping), non-contact mode (oscillating). In principle,
AFM consists of a very small and sharp probe (tip) attached at the apex of a flexible
cantilever. A piezoelectric scanner is used to move the sample in three dimensions
at a sub-nanometer scale upon applied voltage. The semiconductor diode laser is
used to bounce off the beam on to the probe (tip) when it touches or scans the sur-
face of a sample. The small forces between the surface and the probe are recorded
via a photodetector in terms of deflections caused by the bending of cantilever to
form a line-by-line image of the sample [137–139]. The AFM system used for struc-
tural characterization of optical thin films was AFM, MultiMode with High-Speed
ScanAsyst-Air Mode by Bruker [140].
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5 Results

5.1 THIN FILMS

In this section, we present the experimental results related to the optical characteri-
zation of thin films.

5.1.1 Determination of thermo-optic coefficients (TOCs)

The thermo-optic coefficient dn/dT is a measure of the change in material’s refrac-
tive index with respect to temperature. The TOC of a material can have a negative
or a positive value. In the former case, the refractive index of a material decreases
with increasing temperature, while in the latter case it increases with temperature.
The permeation of foreign molecules, such as water molecules or hydrogenated
species, through a material surface is determined by the TOC value of a material. In
addition, TOC values are dependent on material thickness. A negative TOC value
indicates that the material surface is permeable (i.e., porous) and a positive TOC
implies impermeable behavior of the material surface (i.e., non-porous). Most of-
ten, refractive index change with temperature correlates well with the density in the
case of a homogeneous material, but can differ due to the introduction of residual
stresses and change in the material’s crystal orientations as a result of temperature
change. The response of a bound system to an externally applied entity can be de-
scribed by the Lorentz–Lorenz relation (also known as Clausius–Mossotti relation
and Maxwell’s formula). Explicitly, the temperature-dependent refractive index of a
material can be expressed in the form [141]

n2 − 1
n2 + 2

=
4π

3
αe

ρNA

m
. (5.1)

Here n = n(λ,T), αe is the electronic polarizability (cm3), ρ is the material density
(g/cm3), NA is the Avogadro’s number (6.022×1023 electrons/mol), and m is the
molecular weight of a TiO2 molecule (79.9 g/mol) and 101.961 g/mol for the Al2O3
molecule.

5.1.2 ALD-TiO2 thin films

In order to validate the surface porosity model of TiO2 films in terms of TOCs, fixed-
thickness (∼ 6 nm) Al2O3 diffusion barrier layers were coated on TiO2 films of dif-
ferent thicknesses (∼ 60 nm, 100–500 nm with 100 nm thickness increment), residing
on Si wafers, by ALD. We call this set of TiO2–Al2O3 films SA(1–6). The wavelength-
and temperature-dependent refractive indices of TiO2 and Al2O3 thin films in bi-
layers were measured by a variable angle spectroscopic ellipsometer (VASE) for two
incident angles (φ = 65◦ and 75◦), over a wide wavelength range (380–1800 nm) with
a scan step of 20 nm and beam spot size of 3 mm. The bilayer samples were heated
on a home-made aluminum heating assembly from room temperature (∼ 20◦C) up
to 150◦C with a 10◦C increment in temperature (i.e., 0.5◦C/min increase in temper-
ature) with an accuracy of ±0.1◦C.
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In order to extract the accurate optical properties of bilayer films measured by
VASE, it is important to develop an optical model, which ensures accurate extraction
of optical constants upon perfect fitting of experimental data. In our case, we uti-
lize the Cauchy formula (4.10) to calculate the refractive index data of bilayer films
measured as a function of wavelength and temperature. After a number of itera-
tions by using initial values of film thicknesses and the Cauchy parameter values,
the regression algorithm converges to a perfect fitting of modeled and experimental
data. Thus wavelength- and temperature-dependent optical data can be obtained at
any wavelength of interest within the measured wavelength range. In our case, we
used 640 nm wavelength value due to the fact that this value is quite close to the
operating wavelength of the He–Ne laser used for characterization purposes.

In order to model the temperature-dependent refractive indices of bilayer films,
the refractive index values are inserted in the reciprocal of the left hand side of
Eq. (5.1) for a temperature range 20–150◦C with 10◦C increment in temperature
at a wavelength of 640 nm for any combination of bilayer thicknesses in any set
mentioned above. A least-square fit of the plotted curve to the data points gives an
equation in terms of temperature coefficients. The differentiation of the resulting
equation from parabolic fit with respect to temperature T gives finally an equation
in terms of dn/dT and insertion of temperature values determines the TOCs at any
desired temperature value in ◦C−1 units. A schematic of near surface region porosity
concept of a TiO2 film with a thin Al2O3 barrier layer on the top is shown in Fig. 5.1.
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ϕ
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Figure 5.1: (a) Schematic diagram of a near surface region porosity concept on
TiO2 thin film. (b) Al2O3 barrier layer model on top of the TiO2 thin film along with
the illumination geometry of ellipsometric measurements (Paper I).

Similarly, the temperature-dependent density of any film thickness in the bilayer
films can de determined on the basis of the measured refractive index by using
Lorentz–Lorenz equation (5.1) at a wavelength of 640 nm. The insertion of para-
metric values and measured index values for each temperature (from 20◦C up to
150◦C with 10◦C increment in temperature) determined at a wavelength of 640 nm,
gives data points that yield upon a good parabolic fit. The differentiation of this
equation with respect to T leads to a final equation in terms of dρ(T)/dT and inser-
tion of temperature values gives the temperature-dependent density at any desired

24



temperature value expressed in units gcm−3◦C−1.
From the determined TOCs of all films in the bilayers in the sample set SA(1–6),

we see from Fig. 5.2(a) that the thinnest TiO2 film (∼ 60 nm) possesses the most
negative TOC even in the presence of a ∼ 6 nm Al2O3 impermeable barrier layer.
However, the negative TOCs change towards positive for higher TiO2 film thick-
nesses, as shown in Fig. 5.2(a). The thinnest TiO2 film with the most negative TOC
value shows higher evaporation rate of water molecules from the near surface region
of the film due to the fact that there might exist some pin-hole defects on the (sup-
posedly impermeable) Al2O3 barrier layer. The behavior of TOCs for each TiO2 film
thickness even with the presence of thin Al2O3 barrier layers is the same as reported
in Ref. [4]. Supposing that an increase in the Al2O3 barrier layer thickness might
be more effective and in order to validate the surface porosity model, we increased
the Al2O3 barrier layer thickness from ∼ 6 nm to 36 nm with 6 nm increment on
the thinnest TiO2 film (∼ 60 nm). We call this set of TiO2–Al2O3 films SB(1–6). The
results presented in Fig. 5.2(b) show that the increase in Al2O3 barrier layer thick-
ness from ∼ 6 nm to 36 nm does indeed improve the TOC of the underlaying TiO2
films. A 33% overall change in TOCs is determined experimentally with an increase
in Al2O3 barrier layer thickness to ∼ 36 nm. This demonstrates well the impeding
effect of barrier layer films against the permeation of hydrogenated species at the
near surface regions of underlaying TiO2 films. The conclusion is that Al2O3 barrier
layer films that are deposited at low temperatures are amorphous in nature and may
have pin-holes and surface defects as a result. Al2O3 barrier layers deposited at low
temperature, e.g., 100◦C, have smaller Gibbs free energy. These limitations may be
the reason for the relatively small change in the reduction of TOCs of underlaying
TiO2 films. However, some specific combinations of Al2O3 barrier layer films on
fixed thickness TiO2 films are needed to evaluate fully the surface porosity model of
TiO2 films (Paper I).

5.1.3 ALD-Al2O3 thin films

In a third set of experiments, only Al2O3 barrier layers of different thicknesses (∼
60 nm, 100–500 nm with 100 nm thickness increment) were coated on Si wafers in
order to study their thermo-optical properties. We call this set SC(1–6). We consider
here the thinnest Al2O3 film of thickness ∼ 60 nm. A least-square fit of the plotted
curve to the data points generates an equation

n2 + 2
n2 − 1

= 7.02 × 10−7T2 − 2.28× 10−4T + 3.02, (5.2)

where the coefficients of T2 and T have units ◦C−2 and ◦C−1, respectively. The
differentiation of the above equation with respect to T leads to an equation

dn

dT
= −

(

n2 − 1
)2

6n

(

1.41× 10−6T − 2.28 × 10−4
)

, (5.3)

where the coefficients of T and T0 have units ◦C−2 and ◦C−1, respectively. The
dn/dT values at room temperature (T = 20◦C) and at 100◦C are (4.66 ± 1.32) ×
10−5◦C−1 and (2.06± 1.32)× 10−5◦C−1, respectively.

Similarly, the fitting of density data points determined for the Al2O3 film of
thickness ∼ 60 nm at a wavelength of 640 nm for the temperature range 20–150◦C
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Figure 5.2: (a) Thermal dependence of TOCs of various thicknesses of ALD-TiO2
films in the presence of a thin ALD-Al2O3 barrier layer (∼ 6 nm), (b) Thermal
dependence of TOCs of fixed thickness ALD-TiO2 films (∼ 60 nm) in the presence
of ALD-Al2O3 barrier layers of various thicknesses (Paper I).

by the Lorentz–Lorenz relation gives an equation

ρ(T) = −6.36 × 10−7T2 + 2.06 × 10−4T + 2.72, (5.4)

where the units of ρ(T) are g cm−3 and the units of the coefficients of T2, T, and
T0 are ◦C−2g cm−3, ◦C−1g cm−3, and g cm−3, respectively. The differentiation of
Eq. (5.4) with respect to T gives

dρ(T)

dT
= −1.27 × 10−6T + 2.06 × 10−4. (5.5)

where the units of dρ(T)/dT are ◦C−1g cm−3 and the units of the coefficients of T
and T0 are ◦C−2g cm−3 and ◦C−1g cm−3, respectively. The dρ(T)/dT values at room
temperature and at 100◦C are (1.81± 0.51)× 10−4 g cm−3 ◦C−1 and (7.88± 5.12)×
10−5 g cm−3 ◦C−1, respectively.

By plotting the variation of dn/dT with the thickness of Al2O3 (Fig. 5.2(b)) leads
to a linear fit equation

dn

dT
= 1.44 × 10−6ta − 1.35× 10−4. (5.6)
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Here, ta is the thickness of Al2O3 barrier layer and the units of the coefficients ta and
ta

0 are ◦C−1nm−1 and ◦C−1, respectively (Paper I).

5.1.4 ALD-TiO2–Al2O3 thin bilayer films

In order to further stabilize the thermo-optic coefficients of thin TiO2 films, a set of
Al2O3 diffusion barrier layers of different thicknesses (10–70 nm with 10 nm thick-
ness interval) were deposited on fixed thickness TiO2 (∼ 100 nm) films on Si wafers
by ALD. A schematic of TiO2–Al2O3 bilayer films with ellipsometric illumination
geometry is shown in Fig. 5.3.
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Figure 5.3: Schematic of TiO2 and Al2O3 bilayer films grown by atomic layer de-
position (ALD) on a Si substrate. The illumination geometry in ellipsometric mea-
surements is also shown (Paper II).

The thickness-, wavelength- and temperature-dependent refractive indices of
TiO2–Al2O3 thin bilayer films were measured by VASE for a wavelength range
380–1800 nm with scan step of 5 nm, temperature range 22–102◦C with 10◦C tem-
perature interval for three angles of incidence (59◦, 67◦, and 75◦). The thickness
and temperature-dependent refractive indices of bilayer films were modeled by the
Cauchy model. The optical constants and their corresponding uncertainties of these
bilayer films were extracted at a wavelength of 640 nm using the Cauchy dispersion
formula (4.10) and the corresponding uncertainty equation

σ [n (λ)] =

[

(σA)2 +

(

σB

λ2

)2

+

(

σC

λ4

)2
]

1
2

. (5.7)

The TOC of each film in the bilayers together with their corresponding uncer-
tainties were obtained by using the refractive index data and corresponding uncer-
tainties determined by Eqs. (4.10) and (5.7) at a wavelength of 640 nm by using
a polynomial fitting algorithm [142, 143]. Figure 5.4 shows the TOCs of TiO2 and
Al2O3 films in bilayer films as a function of Al2O3 film thickness tA. It can be seen
that TOCs of Al2O3 films have positive values when the thickness tA is 30 nm or
more and the TOCs are nearly stable at higher tA thickness values. On the other
hand, the underlying TiO2 films in turn attain positive TOCs values when the tA is
30 nm or more. This shows that Al2O3 films at 30 nm thickness and above are nearly
pin-hole free, which not only helps attaining the positive TOCs values for TiO2 films
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Figure 5.4: Thermo-optic coefficients of (a) Al2O3 films of different thicknesses and
(b) TiO2 films of fixed thickness in the presence of Al2O3 films of different-thickness
in bilayer combinations (Paper II).

but also help to preserve their inherent optical properties. A linear fit of the TiO2
TOCs as a function of Al2O3 thickness tA leads to an equation

[

dn

dT

]

TiO2

= 6.7 × 10−6tA − 2.2 × 10−4. (5.8)

Here, the slope 6.7 × 10−6 has dimensions ◦C−1 nm−1, and ◦C−1 for –2.2×10−4.
TOCs of a 100 nm TiO2 and a 30 nm Al2O3 thin films in a bilayer calculated at
T = 62◦C and wavelength 640 nm are (0.048 ± 0.134)× 10−4 ◦C−1 and (0.680 ±
0.313)× 10−4 ◦C−1, respectively (Paper II). The modeling of the thermal properties
of thin films and bilayers by WVASE32 software is further discussed in more detail
in Papers I and II.

5.2 BURIED NANOSTRUCTURES

In this section, we present a method for the fabrication of corrugated surface pro-
file nano-structures that are buried by growing a TiO2 cover layer by atomic layer
deposition. In particular, here we present and discuss briefly the theoretical and
experimental results related to the buried GMRFs, which have been discussed in
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more detail in Paper III. It is, however, worth stressing that the same ideas and tech-
niques are far more widely applicable. For the idea to work, the surface profile to
be buried needs to be at least quasi-periodic, with a local period of the order of the
visible wavelength or less (meaning local periodicity in sub-micrometer scale). This
condition is satisfied in, e.g., resonance-domain diffractive optics, photonic-crystal
structures, and multilayered quasi-planar chiral metamaterials.

Selection of appropriate process parameters and the conformal nature of TiO2
growth by ALD results in a smooth and nearly flat-top surface profile. The resulting
profile of the buried nano-structure is hard in nature, so that it can be easily cleaned
without damage, which makes the nano-structure reusable. We discuss a strategy
of how to design buried nanostructures starting from corrugated surface profiles
and transforming them into volume structures. We then proceed to experimental
verification of these structures by describing the fabrication method, and to test the
results of GMRF structures that behave as narrow-band spectral filters based on the
guided-mode resonance effect even after being buried completely by dielectric cover
layers.

5.2.1 Design of buried GMRFs

The general design principle of grating structures to be realized by the proposed
fabrication technique is illustrated in Fig. 5.5(a). Here a periodic initial surface pro-
file h(x) of period d and refractive index nr on a flat substrate of refractive index
ns is shown. The surface profile h(x) is coated conformally by ALD with a mate-
rial of refractive index nc. The ALD process starts by depositing monolayers, and
it continues with multilayers until the grooves in the original nano-structure h(x)
are eventually filled and the modulation of the top surface becomes smoother and
weakly modulated with almost flat-top surface profile, which is illustrated by sim-
ulating conformal growth of, e.g., ALD-TiO2 in Fig. 5.5(b).
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Figure 5.5: (a) The concept of simulated ALD conformal growth of a material on
a nano-structured surface profile (red line) until a desired slightly modulated top
profile (blue line) is obtained. (b) Simulation of a 50-nm-thick TiO2 layer grown by
ALD on a real fabricated grating, extracted from an SEM picture (Paper III).

Sometimes, owing to the high aspect ratio of the structures, where the struc-
ture height is equal to or greater than the period, are desired. Such high aspect ratio
structures are fragile in nature: they can easily break if not handled carefully and are
also prone to cleaning difficulties after contamination. This can make the element
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non-usable after, e.g., a sensing process. This situation is tackled by burying the
high-aspect-ratio structures with a solid material. Basically, it is the internal struc-
ture that defines the primary optical function, whereas the high index and solid fill-
ing material contributes partially to the diffraction characteristics. Sometimes, due
to high refractive index of the filling material, high reflection losses are observed
although the top layer has an essentially flat surface profile and its thickness can
be adjusted to minimize such losses. This situation can be tackled by deposition of
dielectric layers with suitable refractive indices on top of the cover layer material
by ALD. The whole process of transforming a basic surface relief element into a
volume-type is depicted in Figs. 5.6(a–c).
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Figure 5.6: (a) A bare binary grating illuminated by a plane wave from substrate
side. (b) A binary grating buried completely by ALD conformal growth of a material
with refractive index nc. (c) A buried grating coated with an additional ALD-grown
layer of material with refractive index na. We consider ns≈nr and nc>na>ns>n
(Paper III).

5.2.2 Main design results of ALD-TiO2 buried GMRFs

We used FMM to find optimal structural parameters for inorganic GMRFs buried
with TiO2 cover layers. The two designs that are realized are named GMRF-I and
GMRF-II. The structural parameters of GMRF-I are d = 310 nm, w = 250 nm (fill
factor f = 0.81), h1 = 85 nm, and h2 = 120 nm. The parameters of GMRF-II are
d = 310 nm, w = 225 nm ( f = 0.73), h1 = 75 nm, and h2 = 95 nm. The incidence
angle θ = 18◦ is the same for both grating types. The simulated TE and TM spectral
variations as a result of increasing TiO2 thickness for both types of GMRFs till these
are buried completely are shown in Fig. 5.7.

5.2.3 Main experimental results

SEM images of the fabricated and buried GMRF-I and II after all polymer testings
are shown in Fig. 5.8. The images demonstrate that a nearly flat top surface is indeed
achieved by the ALD burying process.

The spectral measurements were performed with a variable angle spectroscopic
ellipsometer (VASE) at 18◦ incident angle for both TE- and TM-polarizations for
reflection spectra in the wavelength range 550 nm 6 λ 6 700 nm. The simulated
and measured TE- and TM-reflectance spectra are in close agreement and the results
are shown and discussed in detail in Paper III. In order to test the fabricated and
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Figure 5.7: Simulated spectral variations as a function of increasing TiO2 thickness
for GMRF-I for (a) TE-polarization and (b) TM-polarization. Similarly, for GMRF-II,
in (c) TE-polarization and in (d) TM-polarization (Paper III).
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Figure 5.8: SEM images of the top surfaces of (a) GMRF-I and (c) GMRF-II before
ALD-TiO2 deposition, respectively. (b) and (d) are the cross-sectional images after
GMRF-I and II are buried completely by ALD-TiO2 (Paper III).
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buried GMRFs in sensing applications, we assume that an additional thin layer of the
material to be sensed is located on top of the buried grating, mimicking a structure
in Fig. 5.6(c). Both GMRF-I and GMRF-II produce sharp TE- and TM-resonances
theoretically, the positions of which depend on the thickness h3 and refractive index
na of an additional layer.

A total of three polymeric materials, Polymethyl Methacrylate (PMMA, na ≃
1.47), Polyvinyl Alcohol (PVA, na ≃ 1.53), and AZ nLOF 2070 (nLOF, na ≃ 1.63)
with approximate thickness of h3 ≃ 65 nm that act as cladding media were tested
separately on GMRF-I and II for both TE- and TM-polarizations. The TE- and TM-
reflectance spectra of bare buried GMRF-I and II were measured each time (after
polymer cleaning in harsh environments) and both spectra corresponded well with
the simulations after every cleaning step. This demonstrates the strength and re-
usability of the fabricated buried structures and opens remarkable possibilities in
the sensing domain and many other areas of diffractive optics. Simulations and
experimental sensing results for GMRF-I and II for both TE- and TM-polarizations
are presented in Fig. 5.9.
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Figure 5.9: Experimental sensing results of three different polymers tested sepa-
rately on the same GRMF for both TE-polarizations (blue-colored strip) and TM-
polarizations (red-colored strip). (a) GMRF-I. (b) GMRF-II (Paper III).

The measured sensitivities (the resonant wavelength shift as a function of re-
fractive index variation of cladding medium) for TE- and TM-polarizations are
14 nm/RIU and 35 nm/RIU, respectively for GMRF-I. Whereas, for GMRF-II, the
sensitivities for TE- and TM-polarizations are 17 nm/RIU and 38 nm/RIU, respec-
tively. It is obvious from the measured sensitivity results that the fabricated and
tested buried GMRF devices are twice more sensitive when illuminated under TM-
polarization than under TE-polarization.
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6 Conclusions and outlook

In this chapter, we provide conclusions of the work reported above and discuss ideas
that can be realized in the future on the basis of the results that have been achieved.

6.1 CONCLUSIONS

The first part of the work demonstrated in this thesis (based on Papers I and II) deals
substantially with the investigation of the changes induced in the optical properties
of high index optical grade thin amorphous TiO2 and Al2O3 films (single as well as
bilayers) fabricated by atomic layer deposition (ALD) technique and characterized in
thermal environment. Thermo-optical properties of high index optical grade ALD-
TiO2, ALD-Al2O3 thin films, and their bilayer combinations were characterized by
variable angle spectroscopic ellipsometry. The second part of the thesis work (Paper
III) deals with the use of ALD-TiO2 films to make robust, nearly flat-top, and buried
guided mode resonance filters for sensing applications. A short summary of the
main outcomes of the thesis work and Papers I–III, appended in this thesis, is given
below.

6.1.1 Thin films

Paper I involves a broad investigation of the determination of thermo-optical prop-
erties of different thicknesses of ALD-TiO2 films in the presence of very thin ALD-
Al2O3 films, thin ALD-TiO2 films of fixed thickness with gradual increase of thin
ALD-Al2O3 over-layer films, and single layers of ALD-Al2O3 of different thicknesses.
It is found that the first bilayer set of different thickness ALD-TiO2 films (∼ 60–
500 nm) in the presence of fixed thickness thin ALD-Al2O3 films (∼ 6 nm) does not
make a considerable difference in stabilizing TOCs due to a wide-spread depletion
region (porosity region) underneath the barrier films or the existence of tiny pin-
holes on ALD-Al2O3 films. In the second bilayer set, ALD-Al2O3 barrier films of
regular thickness (∼ 6–36 nm) are deposited on fixed thickness ALD-TiO2 films (∼
60 nm), an overall 33% reduction in the TOCs of ALD-TiO2 films at ∼ 36 nm ALD-
Al2O3 film thickness has been achieved, which still depicts the strong dominance
of widespread depletion region under the barrier films, the existence of pinhole or
surface defects owing to very thin nature of ALD-Al2O3 barrier films. In the third
set, ALD-Al2O3 barrier films of different thicknesses (∼ 60–500 nm) are exploited
that exhibit positive TOCs due to slow decrease in their densities with almost no
surface defects. The opposite nature of TOCs of both thin ALD-TiO2 and Al2O3
films makes them suitable to be exploited in athermal device applications.

The investigation of thermo-optical properties of fixed thickness ALD-TiO2 films
(thickness ∼ 100 nm) in the presence of gradual increment of thin ALD-Al2O3 films
(10–70 nm with 10 nm thickness interval) is continued in Paper II in order to make
the TOCs of under-layered TiO2 films positive in ALD-TiO2–Al2O3 bilayer struc-
tures. The most effective response in terms of stabilizing the refractive indices of
TiO2 films over varying temperatures and consequently the positive TOC value is
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obtained when the thickness of ALD-Al2O3 barrier film is changed from 20 nm to
30 nm. The successful demonstration by the selection of thickness specific combina-
tions of ALD-TiO2–Al2O3 bilayer films not only show improvement in optical and
thermo-optical (dn/dT) properties of ALD-TiO2 films but also exhibits an increase
in its TOC value when the thickness of ALD-Al2O3 barrier film is increased lin-
early. This real breakthrough in thin barrier layers may have plenty of applications
in nanophotonics devices where temperature-dependent operation is a nuisance.

6.1.2 GMRFs

Paper III deals with the theoretical and experimental investigations of ALD-TiO2
buried flat-top guided mode resonance filters (GMRF-I and II) for sensing applica-
tions. In this work, an ALD fabrication technique to bury a nano-structured surface-
corrugated resonance-domain diffractive element into a solid high-index material
(a volume-type-element) is proposed. It offers a way to overcome problems with
fragileness and environmental sensitivity of high-aspect-ratio surface-corrugated
diffractive nano-structures. The proposed technique is used to design, fabricate, and
characterize ALD-TiO2 buried and nearly flat-top GMRFs, to be used in sensing ap-
plications. The resulting buried and nearly flat-top surface profiles of GMRFs can
be easily cleaned before their re-use with an another sensing material, without any
noticeable damage to the structures or deterioration in the optical responses. The
proposed method is expected to find widespread use in nanophotonics.

6.2 DIRECTIONS FOR FUTURE WORK

Good stability of optical properties of thinner ALD-TiO2 films over varying temper-
atures has been achieved by the use of ALD-Al2O3 over-layer films. The thermo-
optical properties of ALD-Al2O3 films of different thicknesses have also been inves-
tigated, which possess positive TOCs but also help to stabilize, protect, and pre-
serve the inherent optical properties of underlaying ALD-TiO2 films over varying
temperatures, apparent damages, and various other environmental changes. Such
ALD-grown bilayers and nanostacks find use in multilayer stacked inorganic or
hybrid organic-inorganic athermal waveguides, narrowband filtering, and various
other optics and photonics device applications where the environmental changes
have significant effects on the device operation.

GMRFs buried by ALD-TiO2 films, which result in nearly flat-top surface profiles
are ideal for sensing applications. Such buried and nearly flat-top structures offer
easy cleaning and can be used a number of times without any significant alteration
in their designed optical properties. Apart from sensing applications, such robust
structures can find applications in, e.g., photonic-crystal structures and multilayered
quasi-planar chiral metamaterials. In particular, the ALD-based burial technique
appears useful in the infrared optical region, where diffractive elements made of
semiconductor materials are a natural choice. However, such elements have high
reflection losses due to the large refractive-index contrast between semiconductors
and air. ALD-coating or burying of these elements with single or multiple layers of
materials such as TiO2, Al2O3, or SiO2 could significantly reduce these losses and
also provide additional degrees of freedom for element design.

In addition to the work presented in this thesis, the preliminary studies of the
optical properties of different phases of TiO2 thin films (amorphous as well as crys-
talline) fabricated by ALD on silica substrates, measured by prism coupler as a
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function of temperature, and characterized by XRD, have also been done. This work
could open up new possibilities in the realm of crystal and optical sciences.
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This thesis is focused on exploring the thermally induced 
changes in the optical properties of TiO2 and Al2O3 thin 

films, and their bilayers fabricated by Atomic Layer 
Deposition (ALD) technique and characterized by a 

Variable Angle Spectroscopic Ellipsometer (VASE) in 
terms of, e.g., Thermo-Optic Coefficients (TOCs). The 

negative thermo-optical behavior of thin ALD-TiO2 films 
is controlled by the use of thin ALD-Al2O3 films, which 

intrinsically carry positive TOCs, as cover-layers. The thin 
ALD-Al2O3 films in TiO2–Al2O3 bilayers act as impermeable 

barrier layers and help to stabilize the optical 
characteristics of underlying TiO2 thin films in varying 

thermal environments. In addition, sub-wavelength Guided 
Mode Resonance Filters (GMRFs), buried with ALD-TiO2 

for sensing purposes, have been demonstrated.
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