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Chapter  1

Introduction

Discoveries of new materials have been among the greatest achievements of ev-

ery era of human civilization. They have been an integral part of the growth

and prosperity of our lives since the beginning of history, while opening the door

to new technologies. With the development of science and technology and the

demand for miniaturization of device platforms, a new generation of nano and

Angstrom scale materials have emerged into the centre of attention. Such ul-

trathin materials can inherently possess very unique properties as compared to

their bulk counterparts [1, 2]. Therefore, the creation of novel nanoscale ma-

terials with tunable functionalities has been of immense interest. Among var-

ious nanoscale systems, heterostructures of different classes of materials enable

materials with significantly different properties than the individual constituents.

These heterostructures consist of alternating layers of different materials, e.g., ox-

ides [3, 4], nitrides [5], fluorides [4], insulators [6–8], semiconductors [9–11], met-als

[12–15], and even 2-dimensional materials [16–19]. As the individual thickness of

the constituents decreases, new properties can emerge due to quantizing ef-fects

[20]. Atomically engineered systems pave the way towards the solution of many

technological challenges. The tailored materials manifest fascinating struc-tural,

electrical, magnetic, optical, and mechanical properties determined by their

compositions. The individual layer thickness can be scaled down to nanometer or

even sub-nanometer scales. It is therefore interesting to study the unique impact

of such a length scale on the resulting properties of materials.
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In order to grow ultrathin films (thickness <  2 nm), and their heterostruc-

tures, cutting-edge atomic scale processing techniques need to be developed and

implemented. One of the most precise techniques established in the 1970s for

depositing high-purity monocrystals and their heterostructures is molecular beam

epitaxy (MBE) [21–23]. It has been instrumental in the development of I I I -V com-

pounds [24], semiconductor devices [25], quantum materials [26,27], and nanoelec-

tronics [28] as a whole. However, MBE requires a highly controlled environment,

ultrahigh vacuum (10−8 - 10−12 mTorr) chamber, as well as suitable crystalline

substrates resulting in high-quality layer by layer epitaxial thin films with rela-

tively low growth rate in comparison to conventional evaporation and sputtering

techniques. Therefore, this method has been facing a continuous challenge both

technologically and economically to scale up such processes for industrial produc-

tion. Further, MBE poses limitations on the choice of substrates to reduce the

lattice mismatch between the substrate and the coating. These stringent condi-

tions have intrigued the development of further relatively flexible yet atomically

controlled growth techniques for various amorphous and crystalline thin films.

The advancement of nano-structuring and coating technologies down to atom-

ically controlled dimension and composition, for instance, electron beam lithogra-

phy, atomic layer deposition, and atomic layer etching have enabled the quest of

modern device fabrication. Among them atomic layer deposition ( A L D )  has been a

very promising technology to achieve high quality thin films for a wide range of

applications [29], e.g., integrated photonics [30–33], semiconductors [34, 35],

barrier coatings [36], photovoltaic [37, 38], electrical [39, 40] and optical applica-

tions [41–43]. A L D  is basically a chemical coating technology that enables precise

thickness and composition control at the nanoscale [44]. Furthermore, being based

on self-limiting surface reactions, A L D  provides conformal films on any 3D sub-

strate geometry. This has indeed been the need of the hour to satisfy the ongoing

demand of 3D device architectures for size miniaturization. In the conventional

thermal A L D ,  the surface reactions are activated using substrate heating. An

alternative approach for providing the required energy can be implemented based

on plasma (energy) enhanced A L D  [45,46], where the substrate is exposed to ener-
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getic radicals generated by the plasma allowing for low-temperature depositions.

This dissertation deals with the development of all-dielectric and metal-dielectric

heterostructures down to atomic scale. We have leveraged the precise thickness

and composition control provided by the A L D  technique. This approach allows for

the creation of heterostructures with precise control at the atomic level, thereby

tailoring their functionalities. Oxide-based heterostructures of Al2O3/TiO2 have

found various applications in organic light emitting diodes [47], organic thin film

transistors [48], photovoltaics [49] or optical coatings [41, 42]. Previous studies

have reported on structural, mechanical, and optical properties of Al2O3/TiO2

nanolaminates grown by thermal A L D  [50, 51] and P E A L D  methods [52], respec-

tively. Alongside, the exploration of the quantum confinement effect in dielectric

materials is gaining a lot of interest due to their improved optical and optoelec-

tronic properties [20,53]. Among dielectrics, oxide interfaces manifest many novel

phenomena, such as, tunable electrical and optical confinement in Ta2O5/SiO2

nanolaminates [53], enhanced photoluminescence in Al2O3/ZnO nanolaminates

[20], improved laser induced damage threshold in TiO2/SiO2 and HfO2/Al2O3

nanolaminates [54]. This dissertation presents the limits on the manipulation of

optical properties of Al2O3/TiO2 heterostructures at atomic scale.

Alternative layers of metal and dielectric ultrathin films for heterostructures, or

metallic nanoparticles embedded in dielectric matrices could lead to a plethora of

new functionalities. It has remained challenging to grow thin metallic layers while

minimizing the percolation threshold thickness as much as possible. Ultrathin

metallic layers have been explored for improved applications in nanoelectronics,

plasmonics, and photonics [55–62]. Metal dielectric multilayer structures have

revealed remarkable applications in enhancing optical nonlinearity by implement-

ing LiNbO3 in Au nanorings [58], photocatalysis based on Cu/TiO2 heterostruc-

tures [63], and ultrafast transport of plasmonic electrons [64], to name only a few. A

unique combination of noble metal iridium (Ir) in a dielectric matrix of Al2O3 has

been introduced in this work for understanding the limit of atomic scale fab-

rication of ultrathin metallic coatings along with tailored properties depending on

the composition of heterostructures.
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A  brief outline of the dissertation is as follows: Chapter 2 provides a per-

spective on the theoretical background of the investigations performed in this

research. Material dispersion models and effective medium approximation ap-

proaches have been discussed for reliable determination of the optical properties

of the heterostructures. It elucidates the idea of creating quantum well structures

composed of heterostructure films. Further, it demonstrates the basics of designing

multilayer interference coatings which have been eventually applied in antireflec-

tion coatings using dielectric heterostructures. Following this, a brief overview

of an emerging application of optical thin films towards alternative nonlinear op-

tical materials is given. Chapter 3 outlines a detailed description of the A L D

and plasma enhanced A L D  ( P E A L D )  techniques. The applied A L D  equipments,

corresponding precursors, and A L D  process parameters are thoroughly described.

Chapter 4 briefly illustrates the set of thin film characterization techniques per-

formed for evaluating the growth and various properties of the heterostructures.

Chapter 5 focuses on the development of dielectric heterostructures. It reveals the

growth and properties of such nanoscale materials in detail. A  case study has been

thoroughly performed using Al2O3/TiO2 interfaces. The evolution of structural

and optical properties along with an emergence of quantizing effects based on the

reduction of layer thickness have been thoroughly investigated. An antireflection

coating for 355 nm wavelength has been demonstrated by broadening the applica-

tion window of TiO2 via the creation of heterostructures with Al2O3. Chapter 6

presents the growth and investigations of atomically thin heterostructures based

on Ir/Al2O3 systems. This chapter shows detailed analyses of the film properties,

e.g., the formation of a nearly metallic monolayer, new structural features along

the metal-dielectric interfaces, and the evolution of linear optical properties. The

potential to create epsilon-near-zero (ENZ) materials via precise composition con-

trol by A L D  has been explored. The role of heterostructures in nonlinear optical

processes, such as second harmonic generation (SHG) has also been briefly ad-

dressed. Chapter 7 summarizes the contents of this dissertation and provides an

outlook for future research in broadening the material basis available for novel

optical applications by employing emerging atomic scale processing technologies.
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Chapter  2

Theoretical methodology

This chapter provides an overview of the fundamental concepts shaping the ba-sis

of the research performed in this dissertation. Various multi-oscillator models were

explained in order to determine the optical dispersion spectra of single ma-terial

ultrathin films and their heterostructures. These models pave the path for

understanding the optical response of such structures. Additionally, the effective

medium approximation (EMA) approaches have been discussed for describing the

dielectric function of composite materials. This chapter also introduces the quan-

tum confinement effect and optical quantizing structures. Further, it discusses the

basics of developing multilayer interference coatings. This chapter concludes with

a general overview of the emergence of nanoscale nonlinear optical materials.

2.1 Dispersion function

It is fundamental from the perspective of creating optical thin films and het-

erostructures to precisely determine the film thickness and optical dispersion be-

haviour of them. Such estimations can be performed experimentally by imple-

menting the spectroscopic ellipsometry technique, as discussed in Chapter 4.1.

The change in polarization of the incident beam upon reflection from the sample is

recorded in terms of amplitude and phase. In order to extract the optical con-

stants of thin films, various multi-oscillator models have been implemented to fit

the measured ellipsometric parameters. Historically, the first empirical dispersion
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equation has been developed by Cauchy in 1836, and can be expressed as,

n(λ) =  A  +  
λ2 +  

λ4 +  ... (2.1)

k(λ) =  0 (2.2)

This model is used to describe the materials in a transparent regime, considering

the imaginary part of the refractive index k to be zero. A  is a dimensionless

parameter, which portrays the linear trend of the dispersion towards longer wave-

lengths. The terms containing B  and C  become negligibly small at higher values

of λ. B  (nm2) and C  (nm4) describe the curvature for n while approaching shorter

wavelength λ, i.e., the curvature of the dispersion.

For the description of absorbing materials, multi-oscillator models have been

developed. The multi-oscillator models have to be consistent with the Kramers-

Kronig relation, which explains the mutual dependence of the real part ϵ1 and

imaginary part ϵ2 of the dielectric function of a material [65].

ϵ1(ω) =  1 +  
2 

Z ∞  ω′ϵ2(ω′) 
dω (2.3)

0

ϵ2(ω) =  −
2ω

P 
Z

0

∞ ω′ϵ
′

(ω′) −  1
dω (2.4)

Equations 2.3 and 2.4 describe the Kramers-Kronig relationship, where P  is the

Cauchy principal value of the integral, ω and ω′ are angular frequencies. Two

important models used for the description of amorphous dielectrics are the Tauc-

Lorentz and the Cody-Lorentz models. The Tauc-Lorentz model simulates the

joint density of states by combining the Tauc band edge with the classical Lorentz

broadening function, giving an expression for the imaginary part of the complex

dielectric function as expressed below,

ϵ2,[T auc−Lorentz ] (E ) =  ϵ2,[T auc] (E ).ϵ2,[Lorentz ] (E ) (2.5)
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ϵ2,T auc−Lor entz (E ) = E  (E 2  −  E0 )2  +  C 2 E 2

0,

if E  >  E g
(2.6)

E  ≤  E g

where A  is the amplitude, C  is the broadening, E 0  is the peak transition energy, E g  is

the energy band gap, and E  is the photon energy ( E  =  hν). Even though proven well

for many amorphous materials, this model has some limitations due to the fact

that the imaginary part of the dielectric function (ϵ2) is neglected for energies below

the band gap. In many cases, especially for indirect bandgap materials, ϵ2 may

not abruptly decrease to zero. Instead, it exhibits a tail due to defects and

intraband absorptions. The Tauc-Lorentz model calculates ϵ2 based on the

assumption of parabolic bands and a constant momentum matrix element [66].

The Cody-Lorentz model derives ϵ2 assuming parabolic bands and constant

dipole matrix element, resulting in a different expression near the band edge [67].

Three important differences are: (i) weak exponential absorption below the band

gap, (ii) a modified joint density of states, and (iii) a restriction on the ϵ1(α)

parameter, respectively. Cody-Lorentz model has been derived by Ferlauto et

al., which combines a variable band edge function G ( E )  and Lorentz oscillator

expression L ( E )  along with the Urbach absorption tail [68] and can be described

as

ϵ2 =  G ( E ) . L ( E )  =  
( E  −  Eg )2  +  E 2  ×  

( E  −  E0 )2  +
0

Γ 2 E 2  , E  >  E t (2.7)

ϵ2 (E ) =  
E t G ( E t ) L ( E t )  

×  exp(
E −  E t  ), 0 <  E  ≤  E t (2.8)

u

where E ,  Et , and E 0  are the photon energy, transition energy, and peak energy

of the Lorentz oscillator, respectively. Γ  is the width of the Lorentz oscillator

and E p  is a weighting factor between the Cody and Lorentz part. When the

photon energy is less than Et , ϵ2, the imaginary part of the dielectric function

undergoes an exponential decay, which is the so-called Urbach tail [68], where

E u  determines the rate of decrease in the Urbach tail with decreasing photon
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energies. This Urbach tail carries the information on the intraband transitions or

transitions occurring at a lower energy than the optical bandgap due to doping or

impurities. Especially for high k materials with a high band gap, the Cody-Lorentz

model shows a higher accuracy (lower mean squared error M S E )  compared to the

Tauc-Lorentz model [69]. In this dissertation, the Cody-Lorentz model has been

chosen to examine the optical properties of Al2O3/TiO2 heterostructures near

the absorption edge since it successfully incorporates the absorption phenomenon

below 400 nm due to the presence of TiO2 in the heterostructures.

The metals are differentiated from the other classes of materials in terms of

the conduction of the free electrons. Paul Drude first explained the transport

of electrons in metallic materials in 1900, commonly known as the Drude model

[70]. This model formulates the relationship between the current density and the

external electric field. It is a semi-classical approach that considers the collision of

electrons. The electrons are assumed to move as free particles. The time duration

and the path traveled between two successive collisions are termed as mean free

time and mean free path. These assumptions lead to the following expression for
current density

j  =  
nde2τ 

E , (2.9)

where j  is the current density, nd is the number density of electrons, e is the

electronic charge, m is the mass of electron, τ is the mean free time between

two collisions, and E  is the external electric field.

definition of conductivity σ, where

σ =  
nde2τ 

.

This expression leads to the

(2.10)

Further, by applying a time varying electric field and solving the Maxwell equa-

tions, the complex dielectric function ϵ(ω) of metal can be described as the fol-

lowing,

ϵ(ω) =  1 +  
ωϵ0 

, (2.11)

where ϵ0 is the free space dielectric constant. To  understand the metal-dielectric

heterostructures, a combined approach has been implemented. The absorption
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ωp
X Ωp,i

2

= f

spectra of materials contain certain peaks corresponding to the resonance frequen-

cies of the system. This means the material has a significantly higher absorption

probability at those resonance wavelengths, rather than any other non-resonant

conditions. Oscillator models are useful for describing resonance conditions with

only a few parameters, e.g., the position, amplitude, and broadening of the ab-

sorption peak. The oscillators can be symmetric around the resonances, whereas

the asymmetric oscillators describe materials with optical bandgap [71, 72].

Therefore, to elucidate optical constants of the Ir/Al2O3 heterostructures dis-

cussed in this dissertation, a combination of the Drude model along with a set

of Lorentz oscillators has been implemented. The Drude term accounts for the

contribution of free charge carrier from the metallic part, whereas the Lorentz

oscillators incorporate the bound electron descriptions from the dielectric side.

The expression for the Drude-Lorentz oscillator model is as follows:

2 2

ϵ(ω) =  ϵ∞  −  
ω2 +  iωγD 

−  
i

(ω2 −  ωi )  +  iωγL, i
(2.12)

where ϵ∞  is the high frequency limit of dielectric function, ωp is the plasma fre-

quency and γD  is the damping factor of the Drude contribution. Ωp is the oscillator

strength, ω i is the resonance frequency of each oscillator, and γL , i  is the damping

of Lorentz oscillators, respectively.

2.2 Effective medium approximation

The effective medium theory has been significantly applied to solve wide range

of problems in physics and materials engineering. In this dissertation, various

effective medium approximation (EMA) approaches have been implemented to

simulate the optical constants of atomic scale heterostructures.

In order to describe a mixture of materials, the general mixing formula de-

pending on the properties of the constituents has the following form [73, 74] :

ϵef f  −  ϵh X ϵ j  −  ϵh

ϵh +  (ϵef f  −  ϵh )L
j

j  ϵh +  (ϵ j  −  ϵh )L
(2.13)
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= N  α .

e f fϵ −  1 X
jϵ −  1

= f

where ϵef f  is the effective dielectric function of the mixture, ϵh corresponds to

the host medium (e.g., the dominant constituent), f j  is the volume fill fraction of

the inclusion material and ϵ j  is the j th inclusion (e.g., some pores, voids, or some

other material) of the mixture. L  is the depolarization factor, which is in general a

real number representing the morphology of the constituents or the assumed

shape of the inclusions (spheres, needles, etc.) [73]. Several models based on this

macroscopic mixing formula were developed:

• Lorentz-Lorenz approach: The Lorentz–Lorenz equation is derived from

the Clausius–Mossotti relation, which relates the dielectric constant of spher-

ical particles with their density N  and their polarizability α and has the

following form,
ϵ −  1 1 X

ϵ +  2 3 
j

j      j (2.14)

In general, this assumes vacuum as the host medium, consequently, ϵh =  1

and the corresponding mixing formula becomes

1 +  (ϵef f  −  1 )L  
=  

j       

f j  ϵh +  (ϵ j  −  1)L
. (2.15)

This model has found several applications in ellipsometric porosimetry stud-

ies and modelling of small scale surface roughness [73].

• Maxwell-Garnett ( M G )  approach: This aims to consider the material

with the largest constituent fraction as the host, i.e., ϵh =  ϵl . Standard MG

approach assumes spherical material inclusions inside a host matrix with a

particular volume fill fraction f  in quasi-static and dipolar approximation

[75, 76]. However, particle-particle interactions are not considered, which

leads to lose its validity with increasing fill fraction (for instance, f  ≥  50%).

(ϵef f  −  ϵl ) X ϵ j  −  ϵl

ϵl +  (ϵef f  +  ϵ l )L
j = l       

j  ϵl +  (ϵ j  −  ϵ l )L (2.16)

Maxwell-Garnett approximation simulates the permittivity for a uniform

mixture consisting of the constituents (host and inclusion). While investi-
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gating the optical constants of Ir/Al2O3 heterostructures, the MG approach

was a method of choice. Considering iridium (Ir) nanoparticles as spherical

inclusion in Al2O3 matrix, a depolarization value of 0.33 has been incorpo-

rated.

• Bruggeman ( B G )  approach: This approach does not consider any dis-

tinction between the composite materials into a host and an inclusion mate-

rial, or in other words, the system is considered as a homogeneous mixture

of the constituents, i.e, an effective medium as a whole [77, 78]. Therefore,

Bruggeman’s theory allows for understanding more complex mixtures of the

constituents without assuming a particular shape.

X ϵ j  −  ϵef f

j
j  ϵef f  +  (ϵ j  −  ϵe f f )L

(2.17)

While investigating the Al2O3/TiO2 heterostructures, Bruggeman’s approach

has been implemented to determine the refractive index spectra of the ultra-

thin dielectric based hetero-interfaces. The corresponding complex refractive

index ñ =  n +  ik is obtained from ñ =  
√
ϵeff .

Thus, the EMA models based on Bruggeman and Maxwell-Garnett approaches

have enabled the estimation of the optical properties of heterostructures at atomic

scales. This essentially becomes an inevitable perspective for designing new ma-

terials for targeted applications.

2.3 Quantum confined structures

Low dimensional nanomaterials have been extensively explored due to the possi-

bility of tailoring and enhancing their functionalities as compared to their bulk

counterparts [1, 2]. Electron confinement phenomena in solids with restricted ge-

ometry like quantum dots, quantum wires, or quantum wells emerges into the

modification of optical and electronic properties. These phenomena are direct

consequences of the wave properties of electrons. The variation of electronic den-

sity of states depending on size of the nanostructures is discussed further.

13
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The density of states (DOS) ρ (E )  is defined as the number of electron states

N ( E )  per unit volume per unit energy (E ) ,  which means the number of states at

a particular energy level that electrons are allowed to occupy. The general form

of the electron DOS is given by the following expression:

ρ (E )  =  
dN (E )

. (2.18)

In order to deduce Eq. 2.18 for the quantum confined structure, the effective mass

approximation approach has been considered. The electrons in a crystal are not

ideally free, instead, they interact with the periodic potential of the lattice. The

effective mass is the mass experienced by the electrons inside the solid. Therefore,

the wave-particle motion of electrons in a lattice cannot be expressed by the

equation of motion of electrons in free space. By taking (i) the influence of the

lattice, (ii) the shape of energy bands in three-dimensional reciprocal momentum

(κ)-space, (iii) the appropriate average over the various energy bands into account,

the effective mass (m ) of an electron in a band with a given (E , κ )  relationship

can be expressed as,

m  =  d 2 E  , (2.19)
dκ2

where  =  2π and h is the Planck’s constant, h =  6.626 *10−34 J.s. This effective

mass is inversely proportional to the electron mobility µe at a particular band,

and can be described as,

µe =  
eτ

 , (2.20)

where, τc is the mean free time of electrons, i.e., the time between two successive

collisions. Quantum confined structures are precisely engineered nanostructures

where electrons and holes are confined in any of one, two, or three directions. Table

2.1 summarizes the three basic types of quantum confined structures depending on

the number of confined dimensions. A  schematic representation of such structures

is illustrated in Figure 2.1.

Quantizing effects start impacting as the dimension of the structures decreases

below a certain length-scale, which stems from the change in the functional form of

electronic DOS [1,2]. Simultaneously, electron mobility is restricted depending on

14



1

1

2D

Table 2.1: Types of quantum confined structures and information on the electron
density of states (DOS).

Structure

Bulk
Quantum well
Quantum wire
Quantum dot

Quantum
confinement

none
1-D
2-D
3-D

Number of
free dimensions

3
2
1
0

Electron DOS
(proportional to)

E 2

E 0

E − 2

discrete

No confinement
Bulk (3D materials)

1D confinement
(2D materials)

2D confinement
(1D materials)

3D confinement
(0D materials)

kz

ky nx
nx ny

kx                                                                                     nz                                                               nz                                                                     
nz

E E E E

ECB ECB ECB ECB

EVB EVB
EVB EVB

ρ3D (E)

Bulk
ρ     (E)

Quantum well Quantum wire
ρ1D (E)

Quantum dot
ρ0D (E)

Figure 2.1: Schematic illustration of confinement dimension and functional form of
the density of states in 1D, 2D, and 3D confined materials, recreated from
reference [2].

the regime of confinement. The focus of this dissertation involves the quantum well

based heterostructures. In this case, heterostructures are formed from different

interfaces, e.g., a thin layer of a narrow bandgap material (well) is sandwiched

between two layers of a relatively wider bandgap material (barrier), as illustrated in

Figure 2.2. If the thickness of the well material is suficiently thin for exhibiting

quantum effects, such band alignment can manifest quantizing structures. In order

to have an estimation of such length scale, one could start with the Heisenberg’s

uncertainty principle. This principle establishes the impossibility of simultaneous

15



x∆p
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Figure 2.2: Schematic diagram of the quantum well-barrier heterostructure. An
example is illustrated using Al2O3 and TiO2 as the barrier and well materials,
respectively.

determination of the position and momentum of a particle at the same state to an

infinite precision. The measurement will always possess an inherent uncertainty

of the order of , which is given by:

∆ x∆p x  ≈  , (2.21)

where, ∆x  and ∆p x  are the uncertainty in position and corresponding momentum,

respectively. For instance, a particle having a mass m, confinement in x  direction,

the confinement energy Ec o n f  can be written as,

2 2
Ec o n f  =  

2m 
≈  

2m∆x2 . (2.22)

In order to ensure the quantum confinement effect, this confinement energy has

to be comparable to or greater than the kinetic energy of the particle due to its

thermal motion, which is mathematically expressed as,

2

2m∆x2 
≥  

2
kB T, (2.23)

where, kB  is the Boltzmann constant and T is the temperature of the correspond-

ing particle. This indicates that the quantum size effects will be significant if the
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following condition is satisfied,

s
2

∆ x  ≤
2mkB T

 
, (2.24)

which eventually leads to the famous de Broglie equation as given below,

λdeB rog lie ≈  
h 

. (2.25)
x

This precisely explains the need of ∆ x  or the thickness of the quantum well to

be comparable to or smaller than the de Broglie wavelength in order to obtain

quantizing effects. For having a quantitative idea, at room temperature, with a

semiconductor having me =  0.1m0, where m0 is the rest mass of the electron, the

thickness ∆ x  has to be ≤  5 nm. Furthermore, this structure must be repeated

with very high precision by employing eficient atomic scale processing techniques.

In order to model the energy states of such heterostructures or superlattices,

the Schrödinger equations based on the Kronig-Penny model has been applied

[53, 54, 79]. In general, semiconductors possess well defined band structures as a

consequence of explicit crystal structures. However, the potential well models used

to describe the crystalline semiconductors can successfully describe amorphous

dielectric heterostructures to a great extent, considering the short range order of

amorphous materials and assuming an idealized band structure in the theoretical

simulations. The deposited dielectrics with amorphous structures, which do not

have a perfect band structure may lead to a certain extent of mismatch between

the quantum mechanical theory and experimental results.

This dissertation allows to experimentally determine the influence of the thick-

ness ∆ x  on the optical bandgap in amorphous all-dielectric heterostructures and

on the dispersion of metal-dielectric heterostructures. Here, the effects of in-

terfaces and intermixing have been observed. The formation of chemical bonds

between the different materials at the interfaces has been evaluated. This work

involves growing superlattices using two technologically relevant dielectrics, viz.,

Al2O3 and TiO2. Further, the study is extended to HfO2/SiO2 heterostructures.
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2.4 Mult i layer interference coatings

Thin film interference coatings are essential for the advancements of optical sys-

tem design. Optical interference coatings refer to the films which have thicknesses

comparable to the wavelength of incident light. In order to understand thin film

interference multilayers, light propagation at a single interface needs to be ex-

plained. Let us consider a flat interface, the adjacent media are assumed to be

optically homogeneous, isotropic, and non-magnetic. Figure 2.3 illustrates a case

where an electromagnetic plane wave is incident at an angle of incidence of ϕ,

where I i  is the incident intensity, E ( i )  is electric field strength and e(i)  is the corre-

sponding unit vector. The reflected intensity is I r  and the electric field strength is

E ( r ) ,  respectively. The incident medium and medium of refraction have complex

refractive indices of ñ1 and ñ2, respectively. The angle of refraction in the second

medium is γ. Similarly, I t  and E ( t )  denote the intensity of the transmitted wave

and electric field strength. H ( i ) ,  H ( r ) ,  and H ( t )  stand for the incident, reflected,

Ii e(i) p e(r) p Ir

φ φ

Interface
x

e(t) p
ɣ

z
It

Figure 2.3: Schematic diagram of propagation of light at the interface of two
media, recreated from reference [80].

and transmitted magnetic field strength. The continuity equations of the tan-

gential components of electric and magnetic field strength vectors obtained from
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Maxwell’s boundary conditions can be expressed as follows:

E ( i )  +  E ( r )  =  E ( t ) (2.26)

E ( i )  +  E ( r )  =  E ( t ) (2.27)

H ( i )  +  H ( r )  =  H ( t ) (2.28)

H ( i )  +  H ( r )  =  H ( t ) (2.29)

The Fresnel coeficients of reflectance (rp and rs ) and those for transmittance (tp

and ts) for both p and s-polarizations can be obtained from the set of equations

Eq. 2.26 to Eq. 2.29 [81] (a detailed derivation can be found in reference [80]).

The Fresnel coeficients are given by:

ñ2 cosϕ −  ñ1 cos γ
p ñ2 cosϕ +  ñ1 cos γ

2ñ1 cos γ
p ñ2 cosϕ +  ñ1 cos γ

ñ1 cosϕ −  ñ2 cos γ
s ñ1 cosϕ +  ñ2 cos γ

2ñ1 cosϕ
s ñ1 cosϕ +  ñ2 cos γ

(2.30)

(2.31)

(2.32)

(2.33)

The p-polarization stands for E  field parallel to the plane of incidence ((x-z)

plane), while s-polarization corresponds to E  field perpendicular to the plane

of incidence ((x-z) plane)). Using these equations (Eq. 2.30 to Eq. 2.33), the

reflectance R  and transmittance T (for non-absorbing medium) at the interface

can be calculated as follows:

R  =  |r|2

Re(ñ2 cos γ) 2

Re(ñ1 cos ϕ)

(2.34)

(2.35)

Re  indicates the real part of the corresponding quantity. In the case of a normal

angle of incidence with real refractive indices, the reflectance for both polarizations
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n −  n1 2

2

ω ω
2 2 1

2

can be expressed as:

R  =  (
n1 +  n2 

)2. (2.36)

For a simplified picture, a thin film of refractive index n2 deposited on a planar

substrate having a refractive index n3 can be visualized as a plane-parallel plate,

as illustrated in Figure 2.4.

Destructive interference
n1 < n2 < n3

r123
n1        π

φ
Incident medium n1 r12

r21 r21

δ δ          δ

Thin film n2 t12
…. d

δ          δ          δ
r23 r23

π/2

n
π/2 π/2

π

n3

(b)

Constructive interference
n1 < n2 > n3

n1       π

Substrate      
n3

(a)

t23

φ3
n2

t123 n3

(c)

π/2      
π/2

π/2

Figure 2.4: (a) Schematic diagram of propagation of light in an ‘incident
medium/film/substrate’ system, (b) conditions for destructive interference, and
(c) conditions for constructive interference.

As long as the geometrical thickness of the film d is greater than the coherence

length lcoh of the incident light, no interference effect can be noticed. When the

thickness becomes comparable to the incident wavelength, the phase relationships

of the partially reflected beams come into play, leading to interference effects. The

optical thickness is known as the product n2.d. The phase shift due to each of the

partial reflections can be expressed using these geometric considerations shown in

Figure 2.4 and is given by:

q
δ =  

c 
dñ  cosϕ =  

c 
d ñ  2 −  ñ  2 sin2 ϕ (2.37)

where, δ is the phase shift of the light after passing through the film once, λ  is the

wavelength of the incident light, ñ  is the refractive index of the film material, d is
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π

π ω 2 2

π 2π λ

the geometrical thickness of the film, ω is the frequency of the incident beam, and c

is the speed of light in vacuum. Consequently, the reflectance R  and transmittance

T could be obtained as,

R  =  |r123|2

Re(ñ3) cos ϕ3

ñ1 cosϕ 123

(2.38)

(2.39)

Two important types of single layer films depending on the optical thickness,

which are widely applied for designing optical thin film systems: (i) quarter wave

optical thickness and (ii) half wave optical thickness. If the optical thickness of

the layer is one quarter of the wavelength (λ/4) of the incident light or an odd

multiple of (λ/4), the phase difference of the partially reflected beams is π or odd

multiple of π, since the beam is refracted twice. Assuming real refractive indices,

and normal angle of incidence, the phase relationship satisfies as follows:

δ =  
2

, e2iδ =  −1 (2.40)

q

2 
=  

c 
d n2 −  n1 sin

2 (0) (2.41)

2 
=  

λ  
n2d → n2d =  

4
(2.42)

As demonstrated in Figure 2.4(b), the first reflected beam will have a phase differ-

ence of π with respect to the incident beam due to the reflection from an optically

rarer to optically denser medium. The second reflected beam resulting from two

multiple reflections in the film will be in 2π phase difference with respect to the

incident beam (due to another π phase shift at the film/substrate interface as

n2 <  n3). A  phase shift of π causes maximum influence on the resultant reflection

and transmission spectra. Hence, if n2 <  n3, this quarter wave optical thickness

(QWOT) of the layer extinguishes the resultant reflected intensity. These QWOT

layers are the basic building blocks of most of the optical layer systems. Whereas

in the case of n2 >  n3 (see Figure 2.4(c)), there is no extra phase shift of π

at the film/substrate interface leading to constructive interference; i.e., resultant

reflected intensity is maximum.
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On the other hand, when the optical thickness of the layer is half of the wave-

length (λ/2) of the incident light or an odd multiple of λ/2, the phase difference of

the partially reflected beams is 2π or even multiple of π. The phase relationship

becomes:

δ =  π, e2iδ =  + 1 (2.43)
q

π =  
c 

d n2 −  n1 sin2 (0) (2.44)

π =  
2π

n2d → n2d =  
2

(2.45)

This is called half wave optical thickness (HWOT), which is optically inert, i.e.,

it has no influence on the resultant reflectance or transmittance. Additionally,

for demonstrating a single layer antireflection coating, another condition of the

refractive index needs to be fulfilled, assuming real refractive indices and normal

angle of incidence.

r12 +  r23ei 2     =  0 → r12 =  r23 → n2 =  
√

n1 n3 (2.46)

More than 50% of optical coatings are made for antireflection purposes [82]. Anti-

reflective multilayer interference coatings are based on destructive interference of

the reflected light so that the reflected intensity can be reduced to nearly zero, as

shown in Figure 2.4(b).

To  demonstrate an antireflection coating on glass substrate, the simplest coat-

ing example can be QWOT layer of MgF2 (nf  =  1.38) on a glass substrate (ns

=  1.52), where the incident medium is considered to be air. Theoretically, a ma-

terial with refractive index nf of 1.23 is required to extinguish the reflected light

from the glass substrate (using Eq. 2.46). However, no solid material with nf of

1.23 is available in nature making MgF2 as the suitable choice having the closest

refractive index to the required value. Using MgF2 as a choice of material, for

normal incidence, reflectance can be reduced from 4.3% to 1.2%; calculated using

the Fresnel equation as in Eq. 2.36. Therefore it is clear that, for further complex

applications, precise requirements, and broadband performances, multilayer de-

signs with more than one material are essential in practice. In order to simulate
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the reflection and transmission coeficient of a QW stack on a substrate, which is

assumed to be infinitely thick (i.e., no rear surface), the following matrix formal-

ism is applied [73,80,81]. For s- and p- polarizations, a matrix M is defined for a

single layer film:

cos(k0ñd cosΨ )
s

− i ñ  cosΨ sin(k0ñd cosΨ )

cos(k0ñd cosΨ )
p

−i cos Ψ  sin(k0ñd cosΨ )

− n
˜  cos Ψ sin(k0ñd cosΨ )

cos(k0ñd cosΨ )

− cos Ψ  sin(k0ñd cosΨ )

cos(k0ñd cosΨ )

(2.47)

(2.48)

According to that, the characteristic matrix M of a stack consisting of X  layers

would be the product over the matrices of all single layers, and thus:

Mstack =  
Y

M i ( d i )  =  
m11

i = 1 21

m12

m22

(2.49)

The reflection and transmission coeficients can be calculated from the matrix

elements, which have the form as expressed below:

(m11 +  m12ñs cos ϕs)n1 cosϕ −  (m21 +  m22ñs cos ϕs)
s (m11 +  m12ñs cos ϕs)n1 cosϕ +  (m21 +  m22ñs cos ϕs)

2n1 cosϕ
s (m11 +  m12ñs cos ϕs)n1 cosϕ +  (m21 +  m22ñs cos ϕs)

(m11 +  m12 
c 

ñ 
ϕs ) cos ϕ −  (m21 +  m22 

cos ϕs )

(m11 +  m12 
cos ϕs ) cos ϕ +  (m21 +  m22 

cos ϕs )

2 cosϕ

tp =  
(m11 +  m12 

cos ϕs ) cos ϕ +  (m21 +  m22 
cos ϕs )

(2.50)

(2.51)

(2.52)

(2.53)

Various thin film interference systems (for instance, antireflection coatings,

mirrors, filters, beam splitter, etc.) with different optical properties require mul-

tilayer stacks, which can be designed by proper choice of materials and optimizing

individual layer thicknesses. As evident from the complexity of the above set of
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equations, these calculations are currently implemented by using dedicated opti-

cal thin film design software, e.g. OptiLayer, Film Wizard, etc. Within the scope of

this dissertation, two antireflection coatings are designed and demonstrated on

fused silica glass substrates using multilayer stacks of Al2O3/TiO2 heterostruc-

tures and SiO2, which are discussed in Chapter 5.3.

2.5 Nonlinear optical materials

Nonlinear optical effects refer to the nonlinear interaction of light with mat-ter

[83, 84]. Such nonlinear properties of materials are very useful in a vari-ety

of applications, ranging from optical frequency generation, parametric am-

plification of light, spectroscopy, and imaging to sensing applications [84, 85].

Commercially available crystals [86,87], such as potassium dihydrogen phosphate

( K D P )  [88], lithium niobate (LiNbO3) [89], lithium borate (LBO) [90], barium

borate (BBO) [89] and silicon or gallium based superlattices [91, 92] show decent

optical nonlinearities. However, these crystals are dificult to integrate into semi-

conductor and photonic platforms. Due to the continuous shrinking of device

sizes and the use of 3D photonic architecture, the search for alternative nonlinear

optical materials has become essential as compared to bulk crystals. A  promis-ing

alternative approach by designing new optical metamaterials has emerged. The

list includes dielectric nanolaminates [93–97], metal-dielectric heterostruc-tures

[58,98], epsilon near zero (ENZ) materials [98,99], functional 2-dimensional

materials [100,101], and metasurfaces [102,103]. These materials manifest poten-

tial optical nonlinearities, e.g., in second, third, or higher harmonic generations.

The polarization in a material is considered as the origin of nonlinearity. The

total polarization P  of a material is the sum of linear ( P L )  (which is a linear

function of the electric field) and nonlinear ( P N L )  contributions of polarization,

i.e., P  =  P L  +  P N L .  The polarization P  in a material can be expressed as [84],

P  =  ϵ0χ ( 1 ) E +  ϵ0 χ ( 2 ) E E  +  ϵ 0 χ ( 3 ) E E E  +  .... (2.54)
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The corresponding general expression for the polarization is given below,

P i  =  ϵ0 χ
( 1 ) E j  +  ϵ 0 χ i j k E j E k  +  ϵ 0 χ i j k l E j E k E l  +  .... (2.55)

In the scalar form, the above expression can be simplified as follows,

P  =  ϵ0χ ( 1 ) E +  ϵ0χ (2) E 2 +  ϵ0χ (3) E 3 +  ..... (2.56)

The term ϵ0χ (1) E , containing E  is the linear contribution, whereas the higher

order dependence of E  denotes the nonlinear effect. The higher order effects are

relatively weak and have much lower intensity, as χ ( 1 )  > >  χ (2) orχ (3) . Therefore it

is essential to impose a very strong excitation electric field E  to detect the nonlin-

ear effects. As a consequence, the experimental detection of harmonic generation

has only been possible after the invention of laser due to its intense coherent ra-

diation. Basically, as E  is very strong, the corresponding potential in which the

electrons in the material are oscillating will not remain as harmonic oscillator,

rather becomes anharmonic in nature. The optical nonlinearities can be classified

based on their dependence on the order of χ .

• Second harmonic generation

In this section, the second harmonic generation (SHG) phenomenon based on the

χ ( 2 )  of a material will be discussed. SHG is a second order nonlinear optical

process. For a material with second order nonlinearity, when a strong electric

field E  with frequency ω is launched into the material, it will generate another

frequency, which is 2ω. In other words, if the incident light has a wavelength λ,

the output intensity will contain both λ  and λ/2 wavelengths.

Figure 2.5 illustrates the schematic diagram of SHG phenomenon from a non-

linear optical material. Consequently, the nonlinear polarization field, i.e., electric

dipoles will vibrate with frequency 2ω. This will generate another field in the ma-

terial which will vibrate with a frequency of 2ω. Exemplary, if the material is

excited with a infrared laser of 1064 nm wavelength, SHG enables to create a

green-coloured light of wavelength around 532 nm at the output. The term in
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Figure 2.5: Schematic illustration of second harmonic generation (SHG) from a
material having second order susceptibility χ (2) , where ω is the pump frequency
and 2ω is the frequency of the generated second harmonic wave.

the expression P N L  =  ϵ0 χ ( 2 ) E E  governs the SHG response of a material. This

indicates the contribution from the dipole term. Upon further expansion into

multipole components, the expression becomes as follows,

P N L  =  ϵ0 χ
( 2 ) E E  −  ϵ0 .(χ ( 2 ) E E ) +  

ϵ
iω

0 . (χ ( 2 ) E E )  +  ... (2.57)

The term with χ ( 2 )  is from the electric dipole contribution. The second and third

terms in the above expression contain electric quadrupole tensor and magnetic

dipole, respectively. These terms are proportional to the spatial derivative of

the incident electric field. Since the polarization in second order nonlinear effect

varies quadratically with the incident field, the output SHG power is quadratically

proportional to input pump power. This implies that the conversion eficiency of

SHG signal has a quadratic dependence on the incident intensity. In order to

have higher eficiency, the energy transfer between the fundamental and second

harmonic wave has to be as high as possible. This brings us to another important

criterion for achieving the SHG effect, namely the phase matching condition. This

condition is mathematically expressed as,

∆ K  =  K 2ω  −  2Kω  =  
2ω

(
√
ϵ2ω  −  

√
ϵω ) (2.58)

where K  is the wave vector, ω and 2ω are the fundamental and second harmonic

frequencies, ϵω and ϵ2ω are the dielectric constants at these frequencies, respec-

tively and c is speed of light in vacuum. When ∆ K  =  0, the phase matching

condition is satisfied implying the phase velocities of the fundamental wave and

SHG wave are the same. This indicates that the SHG power converts most ef-
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ficiently under this condition. If the condition is not met, i.e., ∆ K  =  0, the

conversion eficiency is lower. However, it is indeed critical to obtain complete

phase matching in the readily available nonlinear crystals due to large dispersion

as well as long propagation length. This situation leads to a more lenient and

practical concept of quasi phase matching. It uses a periodically poled crystal to

ensure the phase shift between the pump and SHG waves, is less than 180° along

the propagation length in the nonlinear material. Although the phase matching

condition is not explicitly satisfied, the periodic poling enables continuous energy

flow from the pump wave to the output SHG wave.

This stringent condition strongly demands for engineering new alternative ma-

terials, where the generation of SHG power will not rely on maintaining the phase

matching condition. Sub-wavelength nanostructures, thin film based nanomate-

rials, nanolaminates, metasurfaces, and supperlattices have been gradually devel-

oped as potential new nonlinear optical materials, where the requirement of phase

matching is inherently non-essential.

A  very important aspect of the origin of SHG in nano or atomic scale ma-

terials is the contribution from the bulk and surface nonlinearities, respectively.

Bulk nonlinearity stems from the bulk volume of the material, which is primarily

dependent on the dipole contribution, as indicated in Eq. 2.57. The contribu-

tions of the multipole terms depend significantly on the symmetry of the optical

medium. For instance, in a material with inversion symmetry, the dipole term

of the susceptibility tensor χ ( 2 )  leads to zero, which is the highest contributor

to the SHG. Therefore, in general second and even order nonlinearities are only

enabled in media having no inversion symmetry. Whereas, surface nonlinearities

originate due to the symmetry breaking at the interface of two media. The dis-

continuity of individual material and the surface normal of the electric field at the

interface result in a strong second order dipole electric field across the interface.

This phenomenon instigates designing new materials which can generate promis-

ing surface second order nonlinearities, while being independent of the symmetry

of properties of the bulk of the material.

The search for artificial nonlinear optical materials has in general experienced

27



advances in recent years. A  few studies have already been reported on demon-

strating nonlinear optical metamaterials composed of thin multilayer dielectric

systems prepared by atomic layer deposition ( A L D )  [93–96]. By creating thin

interfaces of different materials ( A B C  type materials which break the symmetry at

the interfaces, e.g., Al2O3/TiO2/HfO2 [94] or TiO2/Al2O3/In2O3 [95] based

nanolaminates), surfaces with tailored nonlinearities and substantial magnitude

have been reported. Moreover, A L D  can also be used to provide interfaces for the

subsequent growth of intrinsically nonlinear materials. Based on the nanolami-

nate approach to control the crystallinity of ZnO [96], their nonlinearity has been

enhanced. In a case study with ZnO/Al2O3 nanolaminates [96], the ZnO was ma-

nipulated to grow along the (002) crystalline orientation by employing an Al2O3

seed layer for every ≈  9.5 nm of the ZnO film. The nanolaminate structure with an

Al2O3 seed layer shows an increase in second order nonlinearity by nearly 40 times

as compared to single layer ZnO film, due to improved crystallite orientation and

size. This concept was later extended to photonic crystal nanostructures [104],

utilizing the conformality of A L D  technology. The layer by layer growth mode and

precise composition control at nanoscale provided by A L D  are instrumental to cre-

ate artificial nonlinear optical materials suitable for photonic and end-of-the-line

CMOS integration [95]. Additionally, 3D conformal growth of A L D  technology

enables it to integrate perfectly with high aspect ratio structures, e.g., gratings,

waveguides, and microlens arrays.

In this dissertation, the potential of generating SHG wave in atomic scale

metal-dielectric heterostructures based on Ir/Al2O3 has been experimentally in-

vestigated. Additionally, the impact of the inclusion of dielectric Al2O3 spacer

layers in the heterostructures has been examined on enhancing the output SHG

power as well as the laser induced damage threshold in comparison with pristine

Ir nanoparticles.
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Chapter  3

Exp erimental details

This chapter provides a basic outline of the atomic layer deposition ( A L D )  tech-

nique and its advantages over other deposition methods applied in optics. The

importance of using plasma enhanced A L D  is discussed. A  brief specification of

the P E A L D  equipments used during this dissertation work is given. This chapter

concludes with the applied precursors and process parameters implemented while

developing the thin layer systems.

3.1 Atomic layer deposition ( A L D )

The novel technology of atomic layer deposition was developed independently by

two groups. In 1965 in Russia, the technique was established by Aleskovskii and

Kol’tsov in the name of ‘molecular layering’ [105, 106] and in 1974 in Finland

for the fabrication of electroluminescent flat panel displays by Suntola and his

colleagues under the name of ‘atomic layer epitaxy’ [106, 107]. Over the last two

decades A L D  has evolved to an indispensable coating technology enabling

applications in various fields, for instance, thin film electroluminescence displays

[107] in extreme environments, semiconductor devices [108, 109], gate dielectrics

[110,111], energy technologies [112–115], and eventually for optical industries [116,

117], to name a few.

A L D  is a very powerful chemical coating technology for producing conformal

thin films with superior uniformity on various substrate architectures [118, 119],
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e.g., highly curved substrates [120,121]. Conformal coatings have been achieved on

micro- and nanostructures with a very high aspect ratio of, e.g., 3000:1 in thermal

A L D  [122] and 60:1 using plasma-assisted A L D  processes [123]. The superior 3D

conformality is enabled due to the surface-controlled nature of A L D  processes,

rather than being source controlled as in the case of conventional physical vapour

deposition ( P V D )  methods. A L D  is based on self-saturating surface reactions of

the precursors and surface species (e.g., -OH groups), where the gaseous metal-

organic precursor and co-reactant (generally known as ‘precursor’) are successively

and independently pulsed into the reaction chamber. A L D  is a modified form

of chemical vapor deposition ( C V D )  where the precursors are introduced to the

reaction chamber successively in a cycle, separated by purging steps, and due to

that any possible reaction between the precursors in the gas phase is prohibited.

Figure 3.1: Schematic representation of thermal atomic layer deposition ( A L D )
of Al2O3 using trimethyl aluminum (TMA)  and water (H2O) as precursors.

An A L D  process consists of typically four successive steps: (i) dosage (pulse)

of the first precursor into the chamber, (ii) purge of the excess precursor molecules

and reaction by-products by an inert gas, (iii) dosage (pulse) of the second precur-

sor, (iv) purge of the excess molecules and reaction products out of the chamber

by an inert gas. Figure 3.1 shows a schematic representation of a single A L D  cycle

of Al2O3 deposition with trimethyl aluminium (TMA)  as the first precursor and
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H2O as the co-reactant.

(i) Precursor pulse or dose: The first precursor is pulsed into the chamber

and the molecules will react with the available functional groups (generally, -OH)

on the substrate surface. These surface reactions are self-limiting, which means

the reaction stops once the functional groups on the substrate are consumed and

generate reaction by-products. Hence, the precursor should not be reactive with

the newly formed functional groups (e.g., O-Al(CH3)2) on the substrate surface.

(ii) Purging of excess first precursor and reaction by-products: The excess un-

reacted precursor and reaction by-products are purged out of the chamber by

supplying inert gas (usually, Ar, N2). A  suficiently long purge time is essential to

prevent any gas phase reactions between two precursors, otherwise, it may lead

to unwanted parasitic CVD-type reactions.

(iii) Dose of second precursor: The second precursor or co-reactant (e.g., wa-

ter, O2 plasma, O3 for growing oxides, or N2 plasma for producing nitrides) is

introduced to the chamber and it reacts with the surface-sites in a self-limiting

manner and ideally produces a monolayer of the film and reaction by-products.

(iv) Purging of excess second precursor and reaction by-products: The reaction

by-products and excess precursor are again removed from the chamber with the

help of inert gas to separate the two A L D  surface reactions. The A L D  cycle can

be repeated according to the desired film thickness. Due to this cyclic nature of

the A L D  technique, precise thickness control can be achieved down to nanometer

or even sub-nanometer scales along with high reproducibility. Consequently, the

precise thickness control nearly at the scale of single atomic layers enables fine

tuning of compositions. This has been a very important factor in creating the

atomic scale heterostructures investigated in this dissertation.

An A L D  process is quantified by a growth per cycle ( G P C )  in A/cycle, which

indicates the thickness of deposited thin film per A L D  cycle. The G P C  is de-

termined by depositing a thin film and is given by film thickness divided by the

number of cycles. The growth is assumed to be the same on the substrate and thin

film underlayers. Nucleation aspects are in general significant in the deposition of

metals on dielectrics. The G P C  depends mainly on the following factors: (i) size of
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Figure 3.2: Schematic description of the atomic layer deposition ( A L D )  window
indicating the variation of growth rate vs. deposition temperature, recreated from
reference [124].

the precursor molecules, (ii) availability of functional groups on the substrate sur-

face, (iii) duration of pulse and purge steps, and (iv) the deposition temperature.

In general, A L D  processes are described by an A L D  window, which shows the

variation of the growth rate with respect to the deposition temperature, as illus-

trated in Figure 3.2. For a certain temperature range, the G P C  is ideally constant,

which is referred to the stable A L D  operation regime or A L D  window. However,

in reality, G P C  is not constant over a broad range of temperatures due to the

difference in number of surface groups depending on substrate temperature. With

the increase in substrate temperature, the availability of surface sites decreases,

and eventually, G P C  decreases. On the other hand, when the temperature is very

low, it may lead to precursor condensation or incomplete reactions due to low re-

action rates at low temperatures. Along with that, thermal A L D  process requires

relatively longer pulse times such that the reactions can reach self-limiting growth

(stable A L D  operation regime), as indicated in Figure 3.3, and suficiently long

purge times in order to remove excess H2O or the by-products from the chamber

(in case of thermal A L D  using water). Consequently, the A L D  cycle becomes

relatively long and the deposition rate (nm/second) turns out to be low. This is

one of the main reasons for applying plasma enhanced A L D  ( P E A L D )  processes,

which enables high reactivity provided by the plasma radicals even at a lower

temperature [45, 46]. Further, P E A L D  provides several potential advantages, for

instance, improved material properties, increased choice of precursors, enhanced

growth rate, good stoichiometric and composition control [45].
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In this dissertation, single layers of Al2O3 and TiO2 coatings are implemented

in realizing Al2O3/TiO2 based quantizing heterostructures using the P E A L D

method. A  reasonable G P C  has been achieved at a relatively lower deposi-

tion temperature of 100°C. For developing the metal-dielectric heterostructures

of Ir/Al2O3, the corresponding stacks have been grown using thermal A L D  at a

higher deposition temperature of 380°C.

3.2 P E A L D  equipments and process parameters

( A )  Oxford Instruments P lasma Technology A L D  reactor ( O p A L T M ) :

The dielectric thin films and corresponding heterostructures described in this dis-

sertation have been grown using the commercially available OpALT M tool (Oxford

Instruments Plasma Technology open load A L D  reactor, Bristol, UK), as depicted

in Figure 3.4. The reactor is equipped with an inductively coupled plasma ( ICP)

R F  generator, operating at 13.56 MHz. Depositions can be performed by thermal

activation (e.g., water as second precursor) and plasma enhanced A L D  processes

(e.g., remote inductively coupled O2 plasma as second precursor). Figure 3.4 shows a

schematic representation of the A L D  chamber of the OpALT M tool. The I C P  gate

valve can be opened and closed as desired, which enables performing thermal A L D

and P E A L D  processes in a single recipe. This is a significant flexibility for

depositing multilayer systems, e.g., antireflection coatings, nanolaminates, het-

erostructures, etc., for research and development purposes. The maximum diam-

eter of the substrates, which can be loaded in this research-purpose tool is about

216 mm. Substrates of a height up to 50 mm can be placed in the deposition
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Figure 3.4: Schematics of the side view of A L D  chamber of the OpALT M tool.

chamber, which allows for coating complex 3D substrates, however, only on 100

mm diameter area. The substrate temperature can be varied from 25 ◦C to 400◦C.

The other important components of the tool are described in the following.

The basic chamber configuration is made up of three main inlet types: (i)

metal-organic precursor inlet, (ii) water vapour inlet, and (iii) plasma inlet, re-

spectively. The metal-organic precursors are stored in special bottles and con-

nected through dose lines to the reaction chamber. Maximum of four precursor

containers (lines D1-D4, as illustrated in Figure 3.5) can be fitted to this A L D

tool, enabling the deposition of multilayer coatings of three different oxides, for

example. The water inlet is termed as line D1. The dose valves (D1-D4) enable a

fastest possible pulse time of 10 ms. The containers are equipped with heat jack-ets

to control the temperature of the precursors and the valves to avoid precursor

condensation. Thermal heating of chamber table and chamber walls is available.

The water container is cooled to avoid condensation in the stainless steel connec-

tion pipelines. When a dose valve (D1-D4) is opened for a particular duration

(for instance, 10 to 1500 ms), a certain amount of precursor vapour is released to

the reactor. After closing the dose valve, the corresponding purge valve (P1–P4)

is activated to remove the excess precursor and reaction by-products from the

chamber. Oxygen O2, and nitrogen N2 are available as plasma gases and are de-

livered through the inductively coupled plasma ( ICP)  source situated at the top
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Figure 3.5: Schematic diagram of top view of the OpALT M chamber, D: dose, P:
purge, E:  exhaust line, T M A  (trimethyle aluminum), T T I P  (titanium isopropox-
ide), 3DMAS (tris(dimethyle)aminosilane).

of the chamber. The I C P  consists of a dielectric tube with coil and gate valve,

which converts incoming gas to plasma. O2 plasma is used as the oxidizer for the

deposition of oxides. Generally, Ar  and N2 are used as purging gas. If the vapour

pressure of any precursor is very low, such that the precursor flux to the chamber

is insuficient, the precursor container is equipped with a gas inlet (dose valve D3’

in Figure 3.5) which performs the ‘bubbling action’. Argon is used as a ‘bub-

bler’ or carrier gas to carry the precursor into the chamber, ensuring a uniform

distribution of the precursor across the reactor. The flow rate (sccm, standard

cubic cm per minute) of this carrier gas is controlled by a mass flow controller

(MFC). The gas flow is connected through the bubbler line to obtain a higher

precursor flux. In order to deposit TiO2 films with titanium isopropoxide ( T T I P )  as

precursor, the bubbler line needs to be activated. In the case of SiO2 films, the

precursor tris(dimethylamino)silane (3DMAS) has a suficient vapour pressure;

however, significantly low reactivity. An extra ‘hold precursor’ step is included

after the precursor pulse step in order to retain the precursor in the chamber for a

longer time, providing it enough time for saturated self-limiting surface reactions

to happen.
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Precursors  and process parameters:

The depositions of Al2O3/TiO2 heterostructures have been performed at 100°C.

Al2O3 and TiO2 single layer films, as well as the compositions, are developed us-ing

commercially available metal-organic precursors trimethyl aluminium (TMA)  and

titanium isopropoxide ( T T I P ) ,  respectively along with oxygen (O2) plasma as an

oxidizer. Argon (Ar) has been used as the purging gas. The Si wafer and fused

silica substrates were cleaned using a multi-stage ultrasonic assisted bath cleaning

system (Elma Schmidbauer, Germany) containing alkaline solutions and

surfactants, followed by washing in a water bath using deionized ultrapure water.

The P E A L D  process parameters for Al2O3 and TiO2 are listed in Table 3.1.

Table 3.1: Process parameters for growing single layer P E A L D  Al2O3, TiO2, and
SiO2 films.

Material

Al2O3

TiO2

SiO2

Precursor pulse
+(hold precursor)

(s)
0.03
1.5

0.4 +  (4)

Purge O2 plasma pulse Purge

(s) (s) (s)
5                        5 2.5
7                        6                        4
5                        3                        3

The O2 plasma parameters are 300 W plasma power, 50 sccm of O2 gas flow

while growing the dielectrics. The T T I P  precursor has a relatively low vapour

pressure. Therefore, 150 sccm of Ar has been used as a carrier gas to ensure

the transportation of the precursor across the whole chamber during the TiO2

layer deposition. A  P E A L D  SiO2 layer has been implemented as the top layer for

designing the A R  coating at 355 nm using 3DMAS and O2 plasma as precursors.

The P E A L D  process parameters for SiO2 are tabulated in Table. 3.1. Due to the

low reactivity of 3DMAS molecules, an additional ‘hold precursor’ step of 4 s has

been introduced after the 3DMAS pulse for enabling self-saturating reactions.

( B )  P icosun O y ,  Sunale T M  R-200 Advanced : For creating the metal-

dielectric heterostructures consisting of Ir/Al2O3 interfaces, the Picosun® Sunale

TM R-200 Advanced from Picosun Oy (Espoo, Finland) has been used. The tool

allows the possibility of performing both thermal and P E A L D  processes. The

plasma unit is capable of generating an inductively coupled plasma ( ICP)  of 3.2
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Figure 3.6: Schematics of the side view of A L D  chamber of the Picosun R200 tool.

MHz with a maximum power of 3 kW. This A L D  reactor can coat substrates

having a diameter of up to 200 mm along with a substrate height of up to 50

mm. The substrate table and the chamber walls can be heated up to 450 °C

due to the dual chamber design. The intermediate area as shown in Figure 3.6

is also pumped down, therefore, no sealing rings are required between the upper

and lower chambers. Five metal-organic precursors and water container can be

accommodated in the tool, which ensures depositions of multiple materials in a

single A L D  run. While coating metal and dielectric in the same process, one

needs to be very careful regarding the contamination of the reaction chamber.

Otherwise, it may lead to unpredictable growth behaviour. Owing to the separate

precursor valves and inlets, the mutual contamination is minimized. In order to

enable short, controlled precursor pulse times, fast-switching dose valves ( ≥  10

ms) are implemented. The temperatures of the precursor bottle, as well as, dose

lines and valves are maintained by the heating jackets.

Precursors  and process parameters

The substrate temperature for preparing Ir/Al2O3 heterostructures was kept

at 380°C. This high temperature was essential for the growth of Ir layers since
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the reactivity of the iridium precursor molecules is low at lower temperatures.

Furthermore, in order to grow the metal-dielectric compositions in a single A L D

run within one recipe, the deposition of Al2O3 was also performed at 380°C. In

this work, Ir layers are deposited using iridium acetylacetonate (Ir(acac)3) and

oxygen (O2) gas as precursors along with N2 purge in between. The Ir(acac)3

precursor bottle was kept at 200°C. The corresponding process parameters are

summarized in Table 3.2. The deposition process became relatively slow due to

the relatively longer purge time after Ir(acac)3 pulse to ensure complete removal

of residual precursor and reaction by-products along with no blistering effect, as

reported in previous literature [125].

Table 3.2: Process parameters for growing single layer A L D  Ir and Al2O3 coatings.

Material

Ir
Al2O3

Precursor pulse
(s)
6

0.1

Purge     Co-reactant pulse     Purge
(s)                      (s)                      (s)
60                        2                         6
4                       0.2                       4

The thermal Al2O3 deposition is performed using T M A  and H2O as precursors,

separated by N2 purge steps. The T M A  precursor is maintained at 20°C. The

complete A L D  cycle for thermal Al2O3 deposition is listed in Table 3.2.

PEALD Al2O3

PEALD TiO2

PEALD SiO2

Thermal ALD Ir

Thermal ALD Al2O3

Precursor pulse

Purge

Precursor hold step

0 ALD cycle duration (s) 66 74

Figure 3.7: Schematic diagram of A L D  cycle duration for depositing P E A L D
Al2O3, TiO2, SiO2, and thermal A L D  Ir and Al2O3 thin films.

In Figure 3.7, an overall summary is provided on the duration of thermal and

P E A L D  processes used in this dissertation. It depicts an outline of step sequences

of the materials grown for single layer films and corresponding heterostructures.

38



Chapter  4

Characterization techniques

In this chapter, various thin film characterization techniques will be discussed.

A  holistic set of spectroscopic and microscopic methods which have been imple-

mented to determine the structural, chemical, and optical properties of the single

layer films and heterostructures will be briefly explained.

4.1 Spectroscopic ellipsometry

Spectroscopic ellipsometry is a non-destructive, non-contact, highly sensitive op-

tical measurement technique, which enables the determination of thickness and

optical constants of thin films [126, 127]. The working principle is based on the

change in polarization of the incident beam after being reflected from the sample

surface (as demonstrated in Figure 4.1). Linear polarized light is incident on the

sample surface, and then the polarization state is changed to elliptical polariza-

tion due to the interaction of light with the specimen. The polarization of the

reflected beam is then analyzed using an analyzer. The change in polarization

states is characterized by ellipsometric parameters, amplitude ratio ψ, and phase

difference ∆  between the parallel (p) and perpendicular (s) polarized components.

They are related to each other by Eq. 4.1, where the product of tanψ and e( i∆ )  is

equal to the ratio of Fresnel coeficients. The values of rp and rs  are Fresnel

coeficients for reflectance at p- and s-polarizations, respectively, as mentioned in
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Figure 4.1: Schematic representation of the basic working principle of spectro-
scopic ellipsometry technique [128]. It indicates the change in polarization of
incident electromagnetic wave after reflection from the sample surface, i.e., from
linear polarization to elliptical polarization.

For a fixed angle of incidence, within a given spectral range, the values of

ψ and ∆  are determined as a function of wavelength during the measurement.

The determination of optical constants (refractive index n, extinction coeficient

k) and the film thickness are performed indirectly, from a model-based fitting

approach. An optical model for each layer material system is developed based

on dispersion models (e.g., the Cauchy model for the transparent wavelength

range [129]). The final result is obtained by fitting the experimentally measured

data with the ellipsometric data of the dispersion model by varying the model

parameters until a possible minimum root mean square error (M S E )  is attained.

For example, the most general form of the Cauchy equation is

n(λ) =  A  +  
λ2 +  

λ4 +  ... (4.2)

where n is the real part of refractive index, λ  is the wavelength, A, B ,  C,.... are the

Cauchy coeficients which can be determined for a material by fitting the equation

to the measured ellipsometric parameters at a particular wavelength range. The
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general form of M S E  is as follows,

v

M S E  =  t  1 X
( f i  −  xi )2 (4.3)

( i = 1 )

where, N  is the number of data points, f i  is the value obtained by the model

and x i  is measured value of ith point. This quantifies the quality of the fit to the

experimentally measured data.

In order to evaluate the optical constants and thickness of the films, the mea-

surements were performed using a Woollam M-2000T M spectroscopic ellipsome-

ter [130] on one side polished Si (100) wafers as substrates. While developing

single layer dielectric and metal films, four small Si wafers were placed at approx.

150 mm diameter across the chamber in order to estimate non-uniformity across

the chamber around 6”. The angle of incidence of the ellipsometer is fixed at 75°.

The spectral range of the measurement is from 246 to 1687 nm.

In this dissertation, all the Al2O3/TiO2 heterostructures were investigated to

determine the total stack thickness and optical constants. Cody-Lorentz disper-

sion model [131] has been implemented to obtain precise information about the

optical band-edge of various compositions due to the presence of TiO2 in the

system. Experimental data were analysed using the CompleteEASET M software

program. For the metal-dielectric (Ir/Al2O3) heterostructures, the measurements

were performed on fused silica samples using an SE850 DUV ellipsometer by Sen-

tech Instruments GmbH [132]. The angle of incidence has been varied from 50° -

70° in steps of 10°. Drude model accompanied by multiple Lorentz oscillators has

been found to be the most suitable to describe these systems. The ellipsometric

parameters were fitted using the SpectraRay/4 software for assessing the total

stack thickness and optical constants of different compositions.

4.2 U V / V I S  spectrophotometry

The spectrophotometry technique has been implemented to measure the reflec-

tion R  and transmission T spectra of the thin film optical coatings. Commer-
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cial dual beam ratio recording spectrometers Lambda 950 and Lambda 900 from

PerkimElmerT M have been used. These spectrometers mainly consist of the fol-

lowing components: (i) light sources (UV and VIS/NIR),  (ii) monochromator

(wavelength selector), (iii) mirrors, (iv) sample holder, (v) photodetectors, (vi)

signal processor, and (vii) display unit. A  schematic illustration is given in Fig-

ure 4.2(a). The radiation sources used are tungsten filament and deuterium arc

lamp (for the UV region). Monochromator selects a particular wavelength. The

measurement accuracy is around ±0.2% in the VIS and ±0.3% in the UV. A

Mirror
Reference beam Detector

Computer
T/R spectra

Slit Slit

Light
source

(a)

Measuring
Beam      beam

Mono-      splitter
chromator

Transmission

Sample VN-device
(b)

Figure 4.2: (a) Schematic diagram of the UV/VIS spectrophotometry measure-
ment setup. (b) Optical beam path through the in-house-built VN device while
measuring in the reflection mode [133].

home-build VN device [134] enables the measurement of transmittance T and re-

flectance R  for the same position on the sample. An example of the VN-device

operating in reflection mode is displayed in Figure 4.2(b). The sample (marked

in red in Figure 4.2(b)) is placed between the source and a rotating mirror setup.

The mirror setup can be adjusted to measure the T and R  respectively without

modifying the position of the sample, essentially keeping the incident beam ge-

ometry intact. The measurements are performed on coated fused silica substrates

at an incident angle of 6°, where polarization effects are negligible, in the spectral

range of 200 nm to 2200 nm. The total optical losses O L  due to absorption and

scattering are determined as OL(%) =  1 −  (T +  R).

The T , R  spectra of the single layer films, and corresponding heterostructures

are thoroughly measured by employing UV/VIS spectrophotometry. Additionally,

42



for the A R  coatings, the T , R  spectra are also measured at 45° for evaluating the

wide angular response of those coatings. At a higher angle of incidence, the T , and R

measurements were performed at s and p polarization separately, and further, the

average is calculated.

4.3 Various methods

X - r ay  reflectometry ( X R R )

X-ray reflectometry ( X R R )  has been applied to determine the layer thickness,

layer density, and interface roughness of the coatings. For these measurements,

the X-ray diffractometer D8 Discover (Bruker AXS, Karlsruhe, Germany) with

Cu Kα  radiation (λ  =  0.154 nm) in Bragg-Brentano geometry in a 2θ angle range

from 10° to 70° was used. Acceleration voltage and cathode current were set to

40 kV and 40 mA, respectively. The X R R  data were further analysed using the

Bruker Leptos 7 software package. When X-ray radiation (where the refractive

ϴ ϴ

dhkl

dhkl

Atoms

Figure 4.3: Schematic illustration of X-ray diffraction ( X R D )  and reflectometry
( X R R )  techniques. The incident beam is reflected from the thin film surface.

index n of material is slightly less than 1) is incident on the sample surface at a

grazing angle θ around the critical angle θc, the light is reflected off the surface

and detected by the detector according to the geometry shown in Figure 4.3. The

reflected intensity decays rapidly with increasing θ above θc, proportional to θ4.

The reflected intensity contains information on the thickness, density, and rough-

ness of the layer system. The critical angle θc corresponds to the film density, the
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period of oscillation is related to the layer thickness, and the attenuation in inten-

sity and oscillations at higher angles imply the interface and surface roughnesses.

The structure of a heterostructure with film thicknesses of a few A  is approaching

the X-ray incident beam wavelength. Having a wavelength range comparable to

the lattice constants of materials, the X-ray diffraction ( X R D )  technique is per-

formed to probe the crystallinity of a material. When X-ray radiation penetrates

the sample surface, it undergoes diffraction and multiple reflections at each lat-

tice plane. This phenomenon can lead to constructive interference when the Bragg

condition is satisfied:

mλ =  2dhkl sin θ (4.4)

where m is the diffraction order, λ  is the wavelength of incident X-ray, dhkl is the

lattice plane spacing, and θ is the angle between the incident X-ray beam and the

lattice planes. The crystalline phases of the material can be determined from the

diffraction peaks. For amorphous materials, a flat spectrum profile is observed

due to diffused scattering instead of distinct diffraction peaks.

The individual layer thicknesses, density, and interface roughness of the ALD-

grown heterostructures have been investigated by the X R R  technique. The amor-

phous nature of metal-dielectric heterostructures was verified by the X R D  mea-

surements.

X - r ay  photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS)  is a quantitive elemental analysis

method at the surface of the sample by the spectroscopy of emitted photoelec-

trons. The peak positions, peak shifts, or changes in peak shape in the binding

energy spectra demonstrate the chemical states in the material. X-ray photons

are incident on the sample, which cause the removal of bound electrons (i.e., pho-

toelectrons) if the photon energy is higher than the work function of the material.

The excess energy will be attributed to the kinetic energy of the emitted pho-

toelectrons. This method is capable of providing a depth resolution of 2-10 nm

depending on the energy of incident electrons.

The chemical composition of the grown heterostructures has been analyzed by

the X PS  method using an X R  50 M X-ray source with a FOCUS 500 monochro-
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mator (SPECS Surface Nano Analysis GmbH, Berlin, Germany) employing an Al

Kα  radiation (1486.7 eV) in normal emission. The photoelectrons were detected

with a PHOIBOS 150 hemispherical electron analyzer with a three-dimensional

DLD4040-150 delay-line detector.

Scanning tunneling microscopy

The scanning tunneling microscopy (STM) technique enables visualization of

the topography of the sample surface to an atomic resolution. The method relies on

the change in tunneling current based on the separation between the probe tip

and the sample surface. The STM measurement was executed at room tem-

perature using an Easyscan 2 STM from Nanosurf operated with a Pt/Ir tip. In

this dissertation, STM measurements were performed on a few A L D  cycles of Ir

coating for understanding the nucleation behaviour of Ir at an atomistic level.

Measurements were done at a voltage of 2.5 V  with 1.0 nA current in constant

current mode. STM is typically performed on conductive surfaces. The measure-

ment method being extremely surface sensitive limits the depth resolution up to

a few monolayers ( ≈  a few Angstroms).

Electron microscopy methods

Various electron microscopy techniques, e.g., scanning electron microscopy

(SEM), scanning transmission electron microscopy (STEM), transmission electron

microscopy (TEM),  high resolution T E M  (HRTEM) have been implemented to

visualize the topography, morphology, and cross-sectional view of the heterostruc-

tures depending on the required resolution. Electron microscopes are employed to

obtain images with very high resolving power (down to atomic limit), which optical

microscopes are limited to provide. A  highly focused beam of electrons impinges

on the sample to scan across the surface. In general, the working principle of an

electron microscope involves focusing of an electron beam on the sample surface,

the interaction of the electrons with atoms on the surface, and the detection of

electrons or X-ray radiation. The electrons can be generated out of various types

of interactions, such as secondary electrons - produced by the excited atoms on the

sample surface, back-scattered electrons, transmitted electrons, and characteristic

X-rays. This contains information about the morphology and cross-sectional view
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of the film system.

The basic scanning electron microscopy (SEM) consists of an incident electron

beam system, scanning of the sample surface, and eventually detection of sec-

ondary and back-scattered electrons. The achieved resolution is in general around

1-10 nm. The number of generated secondary electrons depends on the incident

energy. In order to gain a better insight into the microstructures ( ≈  a few nm)

of the atomic scale heterostructures presented in this dissertation, selected sam-

ples were examined using a scanning transmission electron microscope (STEM).

Here, the electron beam passes through a very thin lamella of the layer system,

which is previously cut and thinned out of the sample by means of a focused ion

beam (FIB) .  STEM is able to produce an even higher resolution images below a

nanometer. Selected Al2O3/TiO2 heterostructures have been investigated under

the cross-sectional STEM using a Thermo Fisher F E I  Titan3 80–300 transmission

electron microscope, equipped with a high-angle annular dark field (HAADF)

STEM detector (Fischione model 3000), at 300 kV acceleration voltage. T E M

sample preparation was done with a wedge polishing approach, i.e., by a purely

mechanical thinning of a sample piece under a defined, low angle with an Allied

MultiPrep sample polishing tool. The wedge-polishing was done until the sample

surface with the P E A L D  layer on top gained a residual thickness of a few tens of

nm. Final thinning to electron transparency and sample cleaning was done with a

low-angle, low-energy (2.5 keV) broad A r +  ion beam polishing device (Gatan

precision ion polishing system PIPS I I).

The Ir/Al2O3 heterostructures possessing even thinner individual thicknesses

demanded for further higher resolution. Transmission electron microscopy (TEM)

relies on the detection of transmitted electrons through a suitably prepared thin

lamella of the sample, enabling resolution as close as a nanometer. Here, TEM,

including high-resolution (HRTEM) studies were performed on selected composi-

tions using an image aberration-corrected Titan 80-300 environmental T E M  op-

erated at 300 kV, and equipped with a Gatan Quantum 965ER GIF .  For the

T E M  studies, the samples were prepared by mechanical polishing followed by ion

milling using a Gatan PIPS 695 setup.
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White light interferometry

White light interferometry (WLI)  is used to evaluate the surface roughness of

thin films based on the optical interference effect. The interference pattern (i.e.,

optical beam path) changes depending on the distance between different points

of the scanning area on the sample surface and the detection objective lens. A

NewView 7300 system (Zygo, Middlefield, C T ,  USA) with 50x magnification was

used for WLI  measurements to evaluate the long-range surface roughness of the

Ir/Al2O3 heterostructures. Sample areas of 500 x 500 µm2 were scanned. For

each WLI  measurement area, the power spectral density (PSD) function was cal-

culated, characterizing the relative strength of each roughness component in terms

of spatial frequencies. These single PSD functions were combined by geometrically

averaging to the so-called Master-PSD function.

Thin film stress measurement

Mechanical stress of the layered stacks has been measured using the wafer

curvature method with an F L X  2320 equipment (KLA-Tencor  GmbH, San Jose,

USA). The change in radius of curvature of the Si wafer before and after the

deposition of thin films allows for determining the mechanical stress. The stress

value for the coating is calculated using Stoney’s equation [135],

1      E s               1          1     ts

6 (1 −  νs) R f            R s      tf
(4.5)

where E s  is the Young’s modulus, νs is Poisson’s ratio of the substrate, R s  and

R f  are the radii of curvature of the substrate before and after deposition, and

ts and tf  are the thicknesses of the substrate and the film, respectively. Posi-tive

and negative mechanical stress values correspond to tensile and compressive

stresses, respectively. The mechanical stress of Al2O3/TiO2 heterostructures has

been determined on 3” double-side polished Si (100) wafers applying this method.
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Chapter  5

Dielectric heterostructures

This chapter thoroughly discusses the development and properties of atomic scale

quantum-well heterostructures composed of Al2O3/TiO2. It starts with a de-

tailed analysis of the growth of single layer Al2O3 and TiO2 films followed by the

creation of their hetero-interfaces by precise tuning of compositions enabled by

the A L D  technology. Various spectroscopic and microscopic characterization

methods have been carried out to understand the structure-property relationship

of these heterostructures. Following this, the evolution of optical bandgap has

been studied in the light of quantizing heterostructures. Finally, an application of

selected heterostructures in antireflection coating for the UV spectral range has

been demonstrated.

Semiconductor quantum well structures and their device applications have

been a broad field of research over the past decades. It started with the experimen-

tal realization of widely applied GaAs/AlGaAs [9, 10], GaN/AlN [5] heterostruc-

tures in the early 1980s and eventually leading towards a plethora of I I I -V and I I -VI

based materials using epitaxial growth techniques [136–138]. These structures have

revolutionized the field of optoelectronics [139, 140], laser diodes [141, 142], L E D s

[143,144], and quantum well lasers [145], to list a few. Gradually, attention has been

devoted towards developing dielectric-based quantum well structures due to their

suitability in optical and photonic applications [53,54,146]. In this disser-tation, an

experimental route to access the technologically challenging thickness

requirements of dielectric quantum well structures via P E A L D  processes has been
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demonstrated along with their potential utilization in multilayer optical coatings.

5.1 Growth of single layer films

The P E A L D  equipment, precursors and process parameters for growing single

layer Al2O3 and TiO2 films have been discussed in detail in Chapter 3.2. The

P E A L D  processes of the single layer oxides were developed to ensure a repro-

ducible growth rate and necessary optical properties along with a reasonably low

non-uniformity, which is <3% on 200 mm area. The P E A L D  method enables to

grow high quality films while maintaining the substrate temperature at 100°C for

all depositions.

• Single layer T i O 2  films

Upon growing the single layer P E A L D  TiO2 films, these were thoroughly charac-

terized to assess their properties with decreasing film thickness. The level of difi-

culty to determine the properties of ultrathin layers increases as the film thickness

decreases to nanometer or sub-nanometer scales. The implemented characteriza-

tion methods are thoroughly described in Chapter 4. The film thickness d has been

determined and compared by using X R R  and SE methods. Figure 5.1(a) shows

d of single layer TiO2 films as a function of A L D  cycles obtained by X R R  and SE

(using both Cauchy and Cody-Lorentz models, as discussed in Chapter 2.3 )

indicating a promising agreement between these two techniques. A  linear increase

in film thickness with an increasing number of A L D  cycles ensures the self-limiting

growth behaviour, i.e., the so-called stable A L D  operation regime (as discussed in

Chapter 3.1 ). From the linear fit of the data, the slope and the x-intercept provide

the growth per cycle (GP C )  and the nucleation delay, respectively. Consistent

G P C  values are obtained by both SE and X R R  methods ranging from 0.33 to

0.35 A/cycle. These investigations ensure precise control and reproducibility over

the P E A L D  processes.

Thermal and P E A L D  TiO2 films were studied previously by various research

groups [52,147–151]. The developed P E A L D  layers at 100°C demonstrated in this
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Figure 5.1: (a) Film thickness of single layer P E A L D  TiO2 films deposited at
100°C determined by spectroscopic ellipsometry (SE) and X-ray reflectometry
( X R R )  measurements, (b) dispersion behaviour of single layer TiO2 films deter-
mined by the Cody-Lorentz SE model.

dissertation manifest similar properties to the previously reported investigations.

Table 5.1 summarizes the film thicknesses and the root mean square (r.m.s.) sur-

face roughness values of single layer P E A L D  TiO2 films estimated by SE and

X R R  measurements, respectively. The thickness values obtained by SE, are in

excellent agreement with the X R R  results even for the ultrathin layers. Simulta-

neous determination of the optical constants and the film thickness of ultrathin

films by SE is challenging. However, the agreement with the X R R  measurements

indicates the reliability of the SE technique even for thin films with less than 20

nm thickness. The TiO2 films are smooth having r.m.s. surface roughness values

varying from 0.3 to 0.4 nm, whereas the uncoated Si wafer substrate has a r.m.s.

roughness of about 0.15 nm. The X R R  and SE measurements also confirm a neg-

ligible nucleation delay during the growth of P E A L D  TiO2 layers, as indicated by

the intercept of the curves in Figure 5.1(a).

Figure 5.1(b) illustrates the dispersion spectra of single layer P E A L D  TiO2

films of different thicknesses obtained by the Cody-Lorentz SE model. The refrac-

tive index n values range from 2.3 to 2.6 in VIS, which corresponds very well with

the TiO2 thin films grown by other deposition techniques, such as e-beam evap-

oration [152], RF-sputtering [153] and thermal A L D  [154]. As the film thickness

increases, a slight increase in n is observed, indicating the growth of denser films.
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Table 5.1: Film thickness d and r.m.s. surface roughness, refractive indices n, and
indirect optical bandgap E g  of single layer P E A L D  TiO2 films deposited at 100°C
were characterized by X R R  and SE on Si substrates.

Number of
TiO2

P E A L D
cycles

152
303
455
606
909

Target
thickness

(nm)

5
10
15
20
30

Experimental
thickness d

(nm)
Cody- Cauchy X R R

Lorentz
4.6              5.5           4.9
10.5            10.1          9.8
15.1            14.5         13.9
18.5            19.5         18.6
32.3            30.6         29.2

Roughness n at E g

r.m.s.          1030 nm     (eV)
(nm)

0.32 2.23 3.36
0.32 2.32 3.33
0.33 2.32 3.32
0.36 2.35 3.31
0.40 2.35 3.30

Indirect optical bandgap E g  of amorphous thin P E A L D  TiO2 layers was eval-

uated by implementing Tauc-plot calculations, as reported by Jan Tauc et al. in

1966 [155]. The Tauc plot method is a well-established technique for determining

optical bandgap values for a wide range of amorphous and crystalline thin film

materials [156,157]. Since the density of states are considered as a parabolic func-

tion, we linearize it. This technique uses the relationship between energy E  and

the absorption coeficient α to estimate the optical bandgap. The equation below

describes the relationship between α and E  according to the Tauc plot method:

αhν =  A(hν −  Eg )b (5.1)

2
A  =  

bch2m  (2mr ) 2 (5.2)

where A  is a proportionality constant, hν is the photon energy in eV, E g  is the

optical bandgap in eV, and b is the electronic transition coeficient. The value of

b depends on the case of direct or indirect transitions. Such as, b =  2 and b =  2

imply the indirect allowed and direct allowed transitions, respectively. Similarly,

the values of b =  3 and b =  2 demonstrate the indirect forbidden and direct

forbidden transitions consecutively. The me and mr are the effective mass and

reduced mass of the electron or charge carrier, respectively.

Amorphous TiO2 thin films possess indirect optical bandgap. Therefore, a
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Figure 5.2: Estimation of the indirect optical bandgap of 30 nm P E A L D  TiO2

film using Tauc plot calculations.

plot of (αhν )1/2 vs. E  (where, E  =  hν, in eV) has been depicted. Initially, the

absorption contribution is zero at energies below the optical bandgap, followed

by a slow gradual increase (the so-called Urbach tail, due to intraband or defect

state transitions very close to the bandgap; discussed in Chapter 2.2 ), and finally

leading to sharply rising linear regime as depicted in Figure 5.2, a typical Tauc plot

of an indirect bandgap material. The intercept of the linear fit along this linear

regime at the E  axis estimates the value of the optical bandgap. The indirect

optical bandgap of thin P E A L D  TiO2 layers is about 3.3 eV, with a ±0.02 eV

determination uncertainty, which is in very good agreement as reported in several

literatures [152, 154]. The bandgap of the single layer TiO2 films increases with

decreasing film thickness (Table 5.1) indicating towards quantization effects. This

relatively low bandgap material TiO2 has been employed as the quantum well

material in the heterostructures.

• Single layer A l 2 O 3  films

Alumina (Al2O3), the classical A L D  material has been extensively studied since

the beginning of A L D  technology. Single layer P E A L D  Al2O3 thin films have a

G P C  of ≈  1.23 A/cycle and n ≈  1.6, which is consistent with previously reported

data [158]. The optical bandgap of Al2O3 is typically around 7 eV [159]; however,

it could not be determined in this work for the P E A L D  films because of the limited
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available spectral range of the ellipsometer. The high bandgap material Al2O3 is

therefore a suitable choice as the barrier layer in the heterostructures.

5.2 Growth and properties of A l 2 O 3 / T i O 2  het-

erostructures

Upon developing uniform, dense, optically homogeneous, and smooth single layer

films, various sets of Al2O3/TiO2 heterostructures were prepared by tailoring their

compositions. The sequential deposition of Al2O3 and TiO2 layers are performed

keeping the total stack thickness above 50 nm to facilitate reliable optical charac-

terizations. The convention of naming the dielectric heterostructures is as follows:

for instance, composition ‘[16:64]*50’ stands for 16 cycles of Al2O3 followed by 64

cycles of TiO2 and this sequence has been repeated for 50 times (i.e., the number

of supercycles). This framework has been followed throughout the description.

5.2.1 Structura l  properties

To elucidate the structural evolution of these heterostructures, several microscopic

and spectroscopic analyses have been carried out. Table 5.2 summarizes the com-

position parameters including individual numbers of Al2O3 and TiO2 cycles and

numbers of supercycles. It also provides a thorough evaluation of film thickness d

determined by Cauchy and Cody-Lorentz SE models, respectively, n at 1030 nm

for each composition and E g  of the Al2O3/TiO2 nanostructures. Film thickness d

(see Table 5.2) evaluated by both dispersion models exhibit excellent agreement

with a minimal discrepancy. The optically determined thickness values of the

samples which have additionally been investigated by X R R  and STEM are pre-

sented in bold. These values indicate very good agreement with the X R R  data

(see Table 5.3). Some bilayer structure has been further investigated by STEM

cross-sectional analysis. The STEM image of a ‘[16:8]*10’ composition is pre-

sented in Figure 5.3 to obtain a visual perspective of PEALD-grown atomic scale

heterostructures. From left (in Figure 5.3(a)), the crystalline Si substrate, fol-
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Figure 5.3: (a) Cross-sectional scanning transmission electron micrograph
(STEM) of the [16:8]*10 sample and (b) X-ray reflectometry ( X R R )  measure-
ments in grazing angle of incidence up to 3°and simulation curves of selected
Al2O3/TiO2 heterostructures.

lowed by the native SiO2 ( ≈  1.5 nm) and finally the periodic bilayer structure of

Al2O3/TiO2 are visible. The contrast is quite constrained due to the instrument

limitation at this length scale. However, the superlattice structure of the sample is

clearly visible, ensuring distinct interfaces at sub-nanometer scale along with an

indication of 10 supercycles, as expected from the deposited repetitions. The total

thickness of the ‘[16:8]*10’ bilayer is 21.5 nm, as obtained by STEM mea-

surement, and corresponds well with the thickness value of the same composition

ratio evaluated by SE, as given in Table 5.2.

The results of X R R  measurements on a selected set of compositions are illus-

trated in Figure 5.3(b). The fit of the experimental data has been performed using

the density of the single layer thin films, in order to reduce the number of fit pa-

rameters. The density parameters were 3.90 gm/cm3 and 2.95 gm/cm3 for Al2O3

and TiO2, respectively [52]. Distinct Bragg peaks are observed for these compo-

sitions already below 2θ =  6° angle indicating layered heterostructures with very

high quality. A  distinct reflection peak is observed even for the [16:4]*50 sample

having ≈  0.13 nm of individual TiO2 layer thickness, thus roughly corresponding
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Table 5.3: Individual layer thicknesses and interface roughness σ X R R  of ultrathin
Al2O3/TiO2 heterostructures estimated by X R R  measurements.

Compositions

Al2O3 thickness (nm)
σ X R R  Al2O3/TiO2 (nm)

TiO2 thickness (nm)
σ X R R  TiO2/Al2O3 (nm)

Period (nm)
Total thickness (nm)

[16:64]*50

1.93
0.37
2.25
0.83
4.18
209

[16:32]*50

1.93
0.34
1.12
0.59
3.05

152.5

[16:16]*50

1.93
0.33
0.42
0.44
2.35

117.5

[16:8]*50

1.93
0.22
0.19
0.62
2.12
106

[16:4]*50

1.93
0.41
0.13
0.68
2.06
103

to a single monolayer. This leads to the conclusion of achieving controlled growth

of heterostructures by A L D .  Table 5.3 summarizes individual layer thicknesses

determined by fitting the X R R  measurements and the resulting total thicknesses,

which are also in accordance with SE evaluations, as listed in Table 5.2. The de-

termination and interpretation of interface roughness for such atomically thin het-

erostructures are complex. It emphasizes that the interface roughness estimated

on ultrathin heterostructures are of the same order or even more than the individ-

ual TiO2 layer thickness as film thickness approaches to ≈  0.5 nm. Al2O3/TiO2

interfaces manifest smaller intermixing than TiO2/Al2O3 interfaces, which can be

attributed to the smoothening influence of prior Al2O3 layer. Consequently, due

to some interface mixing effect, it implies the formation of -O-Al-O-Ti-O- bonds as

an intermediate layer at the interface, the apparent quantum well structures grad-

ually become similar for even thinner cases. However, no evolution in roughness

has been observed while growing thicker single layer TiO2 films, as mentioned in

Table 5.1. This strongly emphasizes the growth of high quality films via P E A L D .

Altogether, the STEM and X R R  analyses clearly demonstrate the superlattice

nature of these A L D  heterostructures. The single layers are very smooth, and

despite some intermixing of the oxides at the interfaces, the periodicity of the

heterostructure is not altered by increasing the number of bilayers. The presence

of the first Bragg peaks even at more than the 4° grazing angle indicates a very

precise repetition of the ultrathin layers, which goes down to the atomic scale.

56



0

N
o

rm
a

li
ze

d
 in

te
n

s
it

y
 [

a
rb

.u
.]

N
o

rm
a
li

ze
d

 i
n

te
n

s
it

y
 [

a
rb

.u
.]

5.2.2 Chemical  and mec hanical properties

• Chemical composition

It is important to address the elemental analysis of such atomic scale het-

erostructures as compared to their thicker counterparts. The chemical composi-

tion and structural integrity of selected ultrathin hetero-interfaces in comparison

with the single layer films have been investigated by the X-ray photoelectron spec-

troscopy (XPS)  method, discussed in Chapter 4.3. Binding energy analysis has

been performed on a selected set of samples. Due to the charge accumulation

effect, the binding energies of the C  1s levels vary more than 1 eV. Hence, a cor-

rection of the binding energy to 284.5 eV was applied [160]. In Figure 5.4, the

comparison of Al 2p, T i  2p1/2 and 2p3/2 peaks have been plotted for a selected set

of compositions, such as [2:2]*80, [4:4]*40, [16:8]*10 along with single layer films of

Al2O3 and TiO2 as references.

(a)

1

0.8

0.6

(b)

Al 2p 1
Al2O3
[2:2]*80 0.8
[4:4]*40
[16:8]*10 0.6

Ti 2p Ti 2p3/2

TiO2
[2:2]*80
[4:4]*40
[16:8]*10

0.4 0.4 Ti 2p1/2

0.2 0.2

76 75.5 75 74.5 74 73.5 73 72.5 72
0 

466 464 462 460 458 456

Binding energy [eV]                                              Binding energy [eV]

Figure 5.4: X-ray photoelectron spectra (XPS)  of (a) Al 2p states and (b) T i  2p1/2

and 2p3/2 states in single layer Al2O3, TiO2 films and three selected heterostruc-
tures.

As illustrated in Figure 5.4(a), for the heterostructures, Al 2p peaks are shifted

by approximately 0.4 eV. The environment around the Al2O3 in the heterostruc-

tures is altering the chemical bonding when the layer thickness is approximately 2

nm or below. Previous X R R  estimations show that 16 cycles of Al2O3 corresponds

to ≈  2 nm and the X PS  study indicates the influence of the TiO2 environment

on this bonding. The T i  2p1/2 and 2p3/2 X PS  peaks of the above mentioned het-
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erostructures and single layer film are depicted in Figure 5.4(b). The shape of the

peaks and their energetic positions are in agreement with single layer TiO2 peaks

as reported in previous studies [161–163]. The T i  peaks for [16:8]*10 heterostruc-

ture ( blue curve) resemble that of pristine TiO2 film (brown curve), emphasizing

that the chemical character is still preserved even at ≈  0.2 nm (i.e., 8 A L D  cy-

cles) of individual TiO2 layer thickness. A  shift ( ≈  0.3 eV) of T i  2p3/2 peaks

has been observed for the thinner compositions, however, T i  2p1/2 peaks remain

consistent. Consequently, this highlights the precise composition control achieved

by the P E A L D  technique. The O 1s levels of single layer Al2O3 and TiO2 films

are found to be at ≈  531 eV and ≈  529 eV, respectively, whereas the O 1s levels

of the heterostructures remain in between as a superposition of both oxides. With

decreasing thickness of the quantum well and barrier layers, there is a transition

to the formation of ternary oxides, where –O–Al–O–Ti–O– bonding is assumed to

be prevalent, as the individual thickness approaches below the bond length of the

corresponding material. This transition is also reflected in the evolution of optical

properties from quantizing structures to atomically mixed oxides, as discussed in

the subsequent sections.

• Mechanical properties

The mechanical stress of thin film coatings has a huge impact on optical or

MEMS applications [52]. Mechanical stress of the heterostructures has been es-

timated by using wafer curvature measurements on 3” double-side polished Si

wafers, as described in Chapter 4.3. The film stress values σ of Al2O3/TiO2 het-

erostructures are included in Table 5.2. All compositions undergo tensile stress

ranging from 105 - 361 MPa, depending significantly on the composition ratio, i.e.,

the relative content of the individual components. Broadly, the mechanical stress is

higher for the compositions having a higher volume fraction of TiO2, keeping the

number of P E A L D  Al2O3 cycles intact. This is consistent with the previous

studies showing enhanced mechanical stress upon increasing the TiO2 content in

TiO2 based nanolaminates [52]. The mechanical stress could be significantly re-

duced in heterostructures compared to pure TiO2 or nanolaminates with thicker

TiO2 layers.
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5.2.3 Optical  properties

In this subsection, the optical properties, e.g., dispersion spectra, and optical

bandgaps of all the compositions have been thoroughly studied by means of a

versatile set of optical characterization techniques. The dispersion of the previ-

ously selected heterostructures is given in Figure 5.5. The refractive indices of

heterostructures with a well thickness of about 2 nm (i.e., 64 A L D  cycles of TiO2 )

with decreasing barrier thickness are shown in Figure 5.5(a), and the heterostruc-

tures with the same barrier thickness of 2 nm (16 cycles Al2O3) but decreasing

well thickness are depicted in Figure 5.5(b). The dispersion curves show promising

agreement between the Cauchy and Cody-Lorentz models emphasizing the reli-

ability of the SE method for precise determination of optical constants of these

atomic scale heterostructures. Decreasing the Al2O3 content results in increasing

n, while decreasing the TiO2 content indicates decreasing n values. Figure 5.5

also carries the evidence that the superlattices with 2 nm TiO2 are still not in the

quantizing regime since the wavelength range of the refractive index peak does not

shift for the corresponding compositions. With further decreasing the quantum

well thickness, a quantizing regime is reached and a shift of the spectral position

of maximum n has been observed.

To  observe the impact on optical properties among the heterostructures having

the same ratio of constituent materials, a case study is performed on the com-

positions possessing the same ratio of materials. Figure 5.6 presents the optical

constants for heterostructures with the same ratio of Al2O3:TiO2 and a decreasing

period of the superlattice. The total number of cycles for each material is kept

constant for the [1:1] up to the [8:8] structures. Their total film thicknesses are

nearly identical, indicating robust and precisely controlled A L D  growth and no

significant effect of the nucleation of the oxides on each other. Refractive index

maxima and the extinction coeficients have undergone a small shift in wavelength

with decreasing bilayer period. The optical bandgap values of these heterostruc-

tures are nearly the same. These properties assure a proper understanding and

control of the P E A L D  processes without any in-situ monitoring, further an im-

portant pre-requisite while fabricating heterostructures down to an atomic scale.
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Figure 5.5: Comparison of refractive index n of the heterostructures determined
by Cauchy and Cody-Lorentz models (a) with well structures of 64 cycles of TiO2

where the barrier structure is tuned from 16 to 4 cycles of Al2O3 layers and (b)
with a barrier structure of 16 cycles with varying well structures from 64 to 4
cycles of TiO2. Solid and dashed curves represent evaluations by Cody-Lorentz
and Cauchy models, respectively.
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Figure 5.6: (a) Dispersion relation of Al2O3/TiO2 heterostructures having ap-
proximately 21% of TiO2 content, (b) extinction coeficient values denote that the
deviation in k is more pronounced near the absorption edge region (i.e., wave-
lengths lower than 350 nm) for the thickest composition.

• Simulation of optical properties using Bruggeman’s approach

In order to obtain consistent theoretical evaluations, the Bruggeman’s approach

has been implemented in simulating the refractive index spectra of atomic-scale

dielectric heterostructures. For simplicity, the electric field vector is assumed to

be parallel to the layer interfaces. The anisotropy of the heterostructures is not
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considered since it is generally very low as compared to the incident wavelength

regime [80]. The alternating growth of the two oxides results in the formation of a

superlattice with the corresponding energy levels of the constituent conduction and

valence bands, as evident from the STEM investigations. In this case, the system

behaves like an assembly of dielectrics in parallel alignment [80]. The effective

dielectric constant for such an arrangement can be expressed based on

Bruggeman’s effective medium approximation approach as follows:

ϵ1ef f =  fA ϵ1 A  +  f T  ϵ1T , ϵ2ef f =  f A ϵ2 A  +  f T  ϵ2T (5.3)

where, ϵ =  ϵ1 +  iϵ2 (5.4)

and material A  signifies Al2O3 and material T  signifies TiO2, f A  and f T  are the

volume fractions of Al2O3 and TiO2, respectively. Subsequently, the effective re-

fractive index nef f  of the composites has been calculated using this approach.

The observations from Bruggeman’s approximation imply a very good agreement

with the experimental values in the transparent spectral range. A  reasonable

(a)

2.8

2.4

2

[16:64]*50
[16:32]*50
[16:16]*50
[16:8]*50
[16:4]*50

(b) 2.4
Experimental data

2.2
Simulated

2

1.8

1.6

400  600 800 1000 1200
1.6

0 20 40 60 80 100
Wavelength [nm]                                             TiO2 contribution [%]

Figure 5.7: (a) Comparison of the dispersion spectra evaluated by SE (solid curves)
and the Bruggeman approach (dashed curves) and (b) n at 1000 nm wavelength
as a function of the percentage of the TiO2 content in heterostructures, showing
reasonable agreement between simulated and experimental data.

consistency between the simulation and experiment has been observed, as demon-

strated in Figure 5.7(a). However, some deviation has been noted for the thicker

compositions, as inhomogeneous nanolaminates are assumed to be uniform mix-
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tures in Bruggeman’s approximation calculations. From previous investigations,

ultrathin layers must be considered in the design of optical interference coatings,

since even a 1.5 nm thin Al2O3 layer has an influence on the optical performance

of antireflection coatings [120]. Simultaneously, this indicates that the 16 cycles

Al2O3 ( ≈  2 nm) lead to a closed layer, as supported by X R R  and STEM in-

vestigations making the system inappropriate to be modelled by a homogeneous

mixture description. The discrepancies can be attributed to such deviations. The

agreement between the experiment and the simulated data using the Bruggeman

model is more reliable in the spectral range where TiO2 is transparent. In the

UV spectral range, a large discrepancy is observed for the quantizing structures

with ultrathin bilayers. Significantly higher extinction properties are predicted

as the model does not consider the quantizing phenomenon or the formation of

ternary compounds. The EMA approach based on Bruggeman’s approximation

supports in providing a reasonable estimation of the optical dispersion spectra of

these all-dielectric heterostructures, especially in the transparent spectral range.

• Optical bandgap and quantizing structures

Upon evaluating the structural properties, and optical constants, the evolution of

the optical bandgap has been systematically analyzed in the context of creating

quantizing heterostructures. Here, the well structure (TiO2 cycles) is varied, while

keeping a fixed barrier thickness (Al2O3 cycles). A  case study is included using 16

cycles of Al2O3 layers, corresponding to a barrier thickness of 2 nm, with varied

TiO2 thicknesses between 2 and ≈  0.1 nm (basically, 64 to 4 P E A L D  cycles).

Coming to the extinction coeficient spectra, Figure 5.8 depicts (a) the extinc-

tion coeficients k and (b) the optical losses O L  for films with the Al2O3 barrier

structure of 16 cycles (2 nm) with varying well structures of TiO2 cycles from 64 ( ≈

2 nm) to 4 ( ≈  0.1 nm). As demonstrated in Figure 5.8, the k and O L  val-ues

undergo a blue shift as the amount of TiO2 is decreasing in the composition

implying a promising indication towards obtaining optical quantizing structures in

Al2O3/TiO2 based hetero-interfaces. These results demonstrate an eficient

route via P E A L D  to precisely control the compositions and optical properties of
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Figure 5.8: Comparison of (a) extinction coeficients k and (b) optical losses O L
for a barrier thickness of 16 cycles of Al2O3 with a varying number of TiO2 cycles.

heterostructures. Novel Al2O3/TiO2 quantum well structures are fabricated to

tailor both n and k of the heterostructure stacks. As observed in the extinction

coeficient curves, initially when the quantum well thickness is ≈  1 nm or above

(corresponding to red and blue curves) there is a slight decrease in the absorp-

tion edge. Further, as the quantum well thickness becomes comparable to or less

than 0.5 nm (i.e., close to 16 P E A L D  cycles, denoted by the green curve), the

strong blue shift in the absorption edge and consequently in the optical bandgap

denotes the presence of the quantum confinement phenomenon. As the quantum

well thickness approaches the Bohr radius, it supports the trapping of electron

mobility within the well structure such that there is a negligible probability of

obtaining the electron wave function outside the quantum well region.

The indirect optical bandgap E g  of the dielectric heterostructures has explic-

itly been explored using Tauc plot calculations. Table 5.2 enlists the estimated E g

values of Al2O3/TiO2 composite films, indicating a significant dependence on the

thickness as well as more importantly on the composition ratio. As an example,

Figure 5.9 exhibits the determination of E g  using the [16:8]*50 structure from (a)

S E  and (b) O L  data, respectively. As implied from the Tauc plots, the electronic

transitions are changing with the compositions, which demonstrates that both

the electron and hole configurations can be manipulated within the well struc-

ture. For example, for the structure [16:64]*50, i.e., ≈  2 nm well thickness, the
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Figure 5.9: Indirect optical bandgap E g  of the [16:8]*50 heterostructure sample
estimated from the (a) S E  (Cody-Lorentz model) measurements and (b) O L  data
by UV/VIS spectrophotometry.

shape of the Tauc plot is very similar to that of single layer TiO2 films, indicating 2

nm is too thick to obtain quantizing effects. Whereas, in the case of the [16:8]*50

composition having ≈  0.5 nm TiO2 thickness gives rise to a significant increase

in optical bandgap (see Figure 5.9 (a)), which can be attributed to the quantum

confinement effect when the well thickness emerges to values comparable to the

Bohr radius. However, the Tauc plot obtained from O L  values in Figure 5.9 (b)

incorporates noise from the T /R measurements. Furthermore, while fitting the

Tauc plot obtained from OL data, it can be challenging to differentiate the influ-

ence of the Urbach tail region, making it critical to precisely estimate the optical

bandgap. In contrast, the ellipsometry technique facilitates a direct determina-

tion of extinction coeficient k values. O L  contains the information on the overall

optical losses (i.e., absorption and scattering losses), implying S E  measurements

to be more reliable for precise estimation of E g  values. The determination of E g

relies on the accuracy of finding the linear region in the Tauc plot to obtain the

best fit, which contains an estimation uncertainty of ±0.2 eV. Both techniques

exhibit a clear increase in bandgap values in the heterostructures as compared to

single layer TiO2 films due to the presence of Al2O3 layers, validating a consistent

trend between the two evaluation methods. Values of E g  vary from 3.38 to 4.04 eV

as estimated from SE measurements (see Table 5.2), whereas E g  values range from

3.18 to 3.85 eV using UV/VIS spectrophotometry measurements. Overall,
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the estimation of E g  from the S E  method turns out to be more reliable, as it con-

tains a significantly lower signal-to-noise ratio near the Urbach tail region along

with providing a direct estimation of k values as a function of λ  based on fitting

with the dispersion model approach.
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Figure 5.10: Indirect optical bandgap E g  of Al2O3/TiO2 heterostructures in com-
parison with single layer TiO2 films as a function of refractive index n at 1030 nm
wavelength. The green shaded region is provided for a guide to the eye indicating
an inverse relationship between E g  and n. The yellow shaded region demonstrates
a set of heterostructures of the same ratio (1:2) of constituents exhibiting similar n,
yet tunable E g  values.

Furthermore, the variation of E g  as a function of n for all the heterostructures

as compared to single layer TiO2 films has been visualized. Figure 5.10 summarizes

the E g  values as a function of n at 1030 nm wavelength for various compositions;

N T  stands for the number of TiO2 P E A L D  cycles in the compositions. At first

sight, the bandgap is inversely proportional to the refractive index. A  plateau is

observed in terms of engineering new materials with simultaneously the highest

possible bandgap and refractive index combination since the fundamental relation

between the refractive index and the bandgap is preserved [164, 165]. At the

bottom right corner, the brown coloured boxes denote pure TiO2 films having n

about 2.3 and E g  around 3.3 eV along with a slight increase in E g  with decreasing

thickness. It is clear that, in order to achieve a heterostructure with higher n, the

barrier thickness requires to decrease, whereas, for a higher E g  composition, the
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quantum well thickness needs to be reduced which is simultaneously the essential

criterion for creating optical quantizing structures. The tunability of n and E g  in

the heterostructures are limited by the properties of the constituent materials, i.e.,

n of the high index material and E g  of the low index material, respectively.

Notably, a closer look reveals that the optical bandgap can be widely tuned

based on the confining structures. For example, the various heterostructures with

a 1:2 P E A L D  cycle ratio (i.e., [1:2], [2:4], [4:8], [8:16], [16:32] nanostructures)

have n of about 1.91 eV, but E g  varies from 3.45 to 3.75 eV, which corresponds to

approximately 10% tunability in Eg . Additionally, the chemical integrity of the

oxides can be inferred to reach a limit at around 4 cycles for Al2O3 and 4 cycles for

TiO2, corresponding to 5 A  and 1 A, respectively. Figure 5.10 reveals the essence of

synthesizing new ternary oxides by precise tuning of the compositions, especially,

e.g., [4:4], [2:2] and [1:1] materials, having n ≈  1.8 and E g  values between 3.8 -3.9

eV. It indicates on reaching a limit to the formation of new tailored composite oxide

materials, as successfully enabled by P E A L D .

Recent studies by Steinecke et al. [54] reported on predicted phase diagrams of

quantizing nanolaminates by combining various oxides illustrating high flexibility

in tuning optical properties of generated metamaterials. In the context of optical

quantizing structures, our study demonstrates the experimental realization and

control of optical properties in such structures consisting of Al2O3/TiO2 prepared

by P E A L D  technique. For single layer TiO2 films addressed in Table 5.1, E g

values are estimated to be ≈  3.3 eV, which have a decreasing trend with increas-ing

thickness. In the heterostructures, it is evident that E g  not only depends on the

ratio of the constituent oxides, but also on the material structure. The variation

in optical bandgap with the quantum well thickness has been presented in Figure

5.11(a). This shows a similar trend as observed in quantizing oxide-

semiconductor superlattices composed of a-IGZO/a-Ga2O3 reported by Abe et

al. [166] or SiO2/Ta2O5 [53] and TiO2/SiO2 [54] based dielectric nanolaminates.

Figure 5.11(a) illustrates the bandgap evolution from the perspective of cre-

ating quantizing heterostructures. The numbers on the graph in Figure 5.11(a)

indicate the individual Al2O3 P E A L D  cycles N A  corresponding to N T      values.
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Figure 5.11: Bandgap of thin films as a function of (a) the quantum well thickness
and of (b) the barrier thickness. N T  and N A  indicate the individual number of
TiO2 and Al2O3 P E A L D  cycles used while growing the heterostructures. The
lower x-axis depicts the number of P E A L D  cycles, and the upper x-axis denotes
the corresponding film thicknesses.

The increase in the optical bandgap with decreasing quantum well thickness is

governed by the Kronig-Penney model while solving the eigenvalues of the quan-

tizing nanolaminates [53, 54, 167]. Significant quantum confinement is observed

for quantum well thicknesses below 1 nm with values up to approximately 0.7 eV

( ≈  25% tunability) higher than the bandgap of single layer TiO2 films. Finally,

it is interesting to explore how much the barrier thickness can be reduced, while

still enabling quantum confinement. Additionally, it is also questionable, how the

structural integrity of the oxides (both barrier and quantum well) will influence

the optical properties of the superlattices and its impact on the confinement effect.

Figure 5.11(b) depicts the influence of the barrier thickness depending on vari-

ous quantum well thicknesses (the numbers in the graph show N T  values for the

corresponding N A  values). Reducing the barrier layer thickness below 1 nm (for

instance, by reducing the number of Al2O3 P E A L D  cycles to 8, 4 and 2) still pro-

vides confinement. While the bandgap of the [8:16], [4:16], and [2:16] mixtures is

higher than single layer TiO2 systems, the probability of electron tunneling could

be higher as compared to the thicker barrier layers. This study predicts that a

barrier thickness of approximately 1 nm or slightly less is necessary to observe the
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influence of quantizing effects. The heterostructure films discussed here provide

an experimental platform to clarify these issues since the individual oxides have

a well-controlled growth rate with a sub-nanometer precision.

5.3 Application of dielectric heterostructures

• Demonstration of antireflection ( A R )  coatings at 355 nm

Here, an application in optical coatings has been demonstrated by employing

these artificially engineered heterostructures. An antireflection coating has been

designed for 355 nm using the OptiLayer software (version 12.83g, OptiLayer

GmbH, Garching, Germany). The 355 nm is an important wavelength for vari-

ous laser applications being the third harmonic wavelength of the NdYAG laser.

Al2O3/TiO2 heterostructures are considered as the high n material, whereas SiO2

has been employed as the low n material. The SiO2 process has been optimized in

our previous work [120] using 3DMAS and O2 plasma as precursors, as mentioned

in Chapter 3. The G P C  of P E A L D  SiO2 at 100°C is about 1.15 A /  cycle. The

G P C  corresponding to heterostructures is calculated using the single layer G P C

values. For example, the G P C  of [16:16] heterostructure process is calculated as:

(16  Al2 O3 GP C +  16  TiO2 GP C )
(16 +  16)

Two compositions having relatively higher E g  values, for instance, [16:16] (n ≈

Table 5.4: Design of A R  coatings for 355 nm wavelength using two different
Al2O3/TiO2 heterostructures and SiO2 layers.

Materials

Al2O3/TiO2

SiO2

Al2O3/TiO2

SiO2

A R  D1 (nm)
using [16:16] composition

10.2
156.3
35.8
70.4

A R  D2 (nm)
using [4:8] composition

7.8
151.3
24.4
69.7

1.8, E g  ≈  3.7 eV) and [4:8] (n ≈  1.9, E g  ≈  3.75 eV) have been chosen for simulating

the design. The A R  design is elaborated in Table 5.4.
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Figure 5.12: Reflection R  (black) and Transmission T (red) spectra of A R  D1 and
A R  D2 coatings in comparison with corresponding designs (blue dash) at an AOI of
6° (top panel) and 45° (middle panel), respectively. The bottom panel depicts
optical losses O L  of the A R  coatings at an AOI of 6° and 45°.

Upon implementing these A R  coatings, it is observed that the transmission at

355 nm has been enhanced up to 99%, simultaneously decreasing the reflectance

below 1%, as shown in Fig. 5.12. Measurements at 6° (Figure 5.12, top panel) and

45° (Figure 5.12, middle panel) angle of incidence (AOI) demonstrate a wide-angle

A R  response. As well, Figure 5.12 (bottom panel) highlights no significant optical

losses in spite of the presence of TiO2 in the design, even at higher AOI. These

observations successfully imply that heterostructures can overcome the limitation

of low bandgap dielectric TiO2 for applications in the UV spectral range.
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5.4 Discussions

This chapter represents a comprehensive study on engineering the optical prop-

erties, e.g., dispersion relation and optical bandgap, by creating atomic-scale

heterostructures of two technologically relevant oxides, namely Al2O3 and TiO2.

These served as model systems as their characterizations are relatively simple with

available equipments in the optical laboratories. Upon developing uniform, dense,

precisely controlled P E A L D  processes of Al2O3, TiO2 films, and corresponding

nano-heterostructures, challenges of obtaining eficient and reliable characteriza-

tions of such ultrathin interfaces are addressed. For the single layer TiO2 films, a

promising agreement between X R R  and SE measurements demonstrates the suit-

ability of SE for characterizing ultrathin films. Moreover, an excellent agreement

between Cauchy and Cody-Lorentz SE models for the Al2O3/TiO2 heterostruc-

tures ensures the successful estimation of their absorption edges. Additionally,

X R R  and X PS  analyses on heterostructures reinforce Angstrom level composition-

controlled growth of interfaces and demonstrate that the desired chemical prop-

erties are maintained. To  gain further insight, the Bruggeman’s approach is im-

plemented to theoretically estimate effective refractive indices of the composites,

which in turn exhibits a reasonable agreement between experimental measure-

ments and simulations. Following this, an exciting set of compositions reveal dis-

tinct blue shifts in the absorption edge when the TiO2 (quantum well) film thick-

ness becomes comparable or less than ≈  0.5 nm embedded in 2 nm of Al2O3 (bar-

rier) film thickness. This phenomenon firmly indicates the creation of electronic

and optical confinement in quantum well structures consisting of Al2O3/TiO2 in-

terfaces due to an extremely reduced out-of-plane thickness of the well material.

Furthermore, the feasibility of the prepared heterostructures for application in

optical coatings in UV spectral range has been demonstrated.

Additionally, a detailed study was carried out on other technologically rel-

evant oxide interfaces made of HfO2 and SiO2 layers. Optical properties of

HfO2/SiO2 heterostructures exhibit extended transparent regime, and tailored

refractive indices enabling improved laser induced damage threshold in nanosec-

ond pulse regime. Their characterizations have been however more challenging
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since their optical bandgaps must be determined by measurements in the vacuum

UV (VUV) spectral range. This is available only in dedicated facilities such as

the Physikalisch-Technische Bundesanstalt (PTB) ,  Berlin.
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Figure 5.13: (a) Refractive index n curves of HfO2/SiO2 heterostructures with in-
creasing HfO2 content for 8 cycles of SiO2. Tailored refractive indices are obtained
by precisely mixing two oxides. (b) Laser induced damage threshold ( L I D T )  of
selected HfO2/SiO2 heterostructures at 355 nm wavelength for 7 ns pulses as func-
tion of their optical bandgap values.

Exemplary, Figure 5.13(a) depicts the tailoring of refractive indices n, for

instance from 1.6 to 1.9; and consequently the optical bandgap by means of precise

composition control of the grown HfO2/SiO2 heterostructures. Figure 5.13(b)

illustrates the realization of improved laser induced damage threshold ( L I D T )  of

selected compositions measured at 355 nm using 7 ns laser pulses in comparison

with single layer HfO2 films. The observations on HfO2/SiO2 heterostructures

have been documented in detail in our recent publication [168]. Overall, these

systematic studies certainly elevate the advantages of A L D  for producing superior

interfaces at an atomic scale enabling multitude of new functionalities.
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Chapter  6

Metal-dielectric atomically th in

heterostructures

In this chapter, a detailed research on the growth and properties of atomic scale

heterostructures of metal-dielectric systems based on Ir and Al2O3 is presented.

This chapter outlines a comprehensive study on the growth, structural, chemical,

linear, and nonlinear optical properties of these heterostructures. These inves-

tigations open up the possibility of designing new alternative nonlinear optical

materials based on such interfaces. Further, an application in future PHz opto-

electronics has been briefly demonstrated.

6.1 Growth of I r / A l 2 O 3  heterostructures

Metals have been an integral part of the development of human civilization. Nam-

ing various pre-historic eras, viz., copper age, bronze age, and iron age, after dif-

ferent metals emphasizes that the metals play an extremely important role in the

evolution of human societies in general. Therefore, for ages, society has made con-

tinuous efforts to manipulate and expand the range of applications from metals.

Coming to the modern-day research questions, it remains a challenge to de-

velop continuous metallic films with very small thickness, of the order of around

1-2 nanometers using various state of the art thin film deposition techniques.

This achievement could lead to the realization of new electrical, optical, and plas-
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monic properties of metallic layers [55–57, 59]. Several approaches have been

implemented to develop smooth metallic layers by decreasing their percolation

length, for instance, using various transition metal seed layers [56, 57, 59, 61, 169],

semiconductor seed layers made of Ge [170], combining template stripping and

patterning [171]. Physical vapour deposition (PVD)-based processes were devel-

oped to grow thin metal films of Ag [56], Al [59], Au [57], Cu [172, 173], Cr [174], Ir

[175,176], T i  [172], and the list goes on. Ensuring the uniformity of film growth on a

reasonably large area is also a challenge.

Over the past two decades, the A L D  method has been extensively implemented

for developing noble metallic thin films due to its inherent ability to control the

thickness and composition of the films, along with a promising uniformity. Re-

search efforts have been made to prepare a plethora of metallic thin films [177,178],

for example, Ag [179–181], Au [182–184], Cu [185], Os [186], Pd [187], Pt [188,189],

Ir [61, 190, 191], Rh [192], Ru [188, 193, 194]. Exclusively, noble metal Ir has also

been studied using P V D  [62, 175, 176, 195, 196] and A L D  (different precursors:

Ir(acac)3 [61, 62, 190], IrF6 [197], Ir (CpEt)(COD) [198], Ir(CpMe)(CHD) [199],

Ir (CpEt)(CHD) [200]) based growth methods. However, the question of obtaining

ultrathin smooth metallic layers preventing their island-type growth characteris-

tic still persists. In this dissertation, a metal-dielectric heterostructure strategy

has been introduced to examine the alteration in the growth mechanism of noble

metal Ir at an atomic scale. Alumina (Al2O3) has been chosen as the dielectric

component of the heterostructure because of its stable growth in a wide tempera-

ture window. The properties of the interfaces along with the structural integrity

of ultrathin metallic systems have been thoroughly investigated to comprehend

the growth behaviour of the metal-dielectric heterostructures at an atomic scale

using A L D  processes.

The atomically thin heterostructures of Ir/Al2O3 have been developed on Si

wafers and fused silica substrates. The A L D  equipment, and process parameters

for preparing Ir and Al2O3 layers are thoroughly described in Chapter 3.2. The

corresponding growth per cycle (GP C )  values of Ir and Al2O3 were 0.6 A/cycle [61]

and 0.9 A/cycle, respectively. A  detailed study on the growth and properties of Ir
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nanoparticles and ultrathin layers has been presented in our previous work [61].

Upon developing single layer Ir and Al2O3 A L D  films, two sets of heterostructures

have been prepared. In these heterostructures, Al2O3 A L D  cycles (i.e., spacer layer

thickness) have been kept at 35 and 15 cycles, corresponding to approximately

3.5 nm and 1.5 nm Al2O3 thicknesses. The number of Ir A L D  cycles was varied

as 2, 4, 8, 16, 32, 64, and 128 cycles, respectively. The stack has been repeated to

achieve at least a minimum of about 120 nm thickness in order to ensure reliable

characterizations. For example, the sample named as [4:35]*102, stands for 4

cycles of Ir, followed by 35 cycles of Al2O3, and the stack is repeated for 102

times. This notation is followed throughout this chapter.

Following this, a systematic study has been conducted to understand the in-

fluence of Ir content on the properties of the heterostructures. Our previous study

dealt with the understanding of the nucleation behaviour and film formation of

noble metal Ir using A L D  technique. We prepared A L D  coatings of Ir by varying

A L D  cycles from 30 to 200 on various substrates. Initially, nanometer-sized Ir

islands were formed, with the diameter of nanoparticles ranging from 5 to 15 nm.

Exemplary, Figure 6.1 depicts the SEM micrographs of Ir coatings using 30, 75,

and 200 A L D  cycles on Si wafer and fused silica substrates. On further increasing

the number of A L D  cycles, these islands expand and start forming a percolating

network; as a consequence leading towards the growth of closed metallic layers.

Si

100 nm
wafer

Fused
silica

30 cyc. 75 cyc. 200 cyc.

Figure 6.1: Scanning electron micrographs (SEM) of Ir coatings with different
A L D  cycles on Si wafer and fused silica substrates [61].

The aim of this dissertation was to further explore the growth of noble metal
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Ir at an atomic scale. In order to visualize the evolution of surface coverage of Ir

during the A L D  growth, scanning tunneling microscopy (STM) investigations

have been carried out for a coating with 4 Ir A L D  cycles grown on gold-coated

mica substrate. Figure 6.2(a) shows the STM micrograph of 4 Ir A L D  cycles on

720 pm

600

500

400

300

200

4. Ir layer Overlay

3. Ir layer

2. Ir layer

1. Ir layer

50 nm
49

(a) (b)

Au
substrate

Figure 6.2: (a) Scanning tunneling microscopy (STM) image of 4 A L D  Ir cycles
deposited on Au(111) coated mica substrate. The scan area is 130*130 nm2.
(b)Analysis of the corresponding STM micrograph. Atomically thin Ir layers were
reconstructed based on the height profile of the STM image. The overlaid image
provides a visual perspective of the STM image.

Au(111)/mica substrate indicating a smooth Au substrate with a variation of Ir

thickness over the substrate surface. Following this, based on the height profiles,

atomically thin Ir layers were reconstructed using the ImageJ software. In Figure

6.2(b), the Au substrate is denoted by black. In addition, the coloured regions

imply the estimated Ir layers on top of each other, whereas the uncoated regions

are drawn in white. For instance, the lowest Ir layer directly on the substrate is

denoted by a blue colour, and the remaining uncoated area is minimal. The second

Ir layer on top of the first Ir layer is denoted by a green colour; the rest uncoated

area is marked white. This colour scheme is followed for 4 Ir layers that could be

identified after 4 A L D  cycles. The overlaid image provides a visual perspective

based on this STM analysis demonstrating around 97% surface coverage after 4

A L D  cycles of Ir. This is in contrast to our a-priori observation of Ir nano-islands

from 30 A L D  cycles onwards, as shown in Figure 6.1 [61]. The first Ir layer directly

on the substrate has the highest surface coverage behaving as an initial wetting

layer. Upon further increasing the number of A L D  cycles, a discrete accumulation of

Ir on preferred substrate regions has been observed. The surface coverage is
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gradually decreasing, leading to the case of Stranski-Krastanov growth mode, i.e.,

islands on the top of the first monolayer. This enables the growth of a nearly

metallic monolayer for precise layer-by-layer heterostructures provided by A L D .

Additional STM measurements were also attempted on Ir film on Al2O3 coated

Au(111) substrate; however, no signal was observed.

6.2 Structural  and chemical properties

In order to obtain a deeper understanding of the structural properties of Ir/Al2O3

heterostructures, X-ray reflectometry ( X R R )  and grazing incidence X-ray diffrac-

tion ( G I X R D )  techniques have been applied. Coming to the heterostructures with

the lower number of A L D  cycles, i.e., 2, 4, 8 cycles, Ir nanoparticles have been

presumed to be embedded in dielectric Al2O3 matrix, based on the Volmer-Weber

island type growth mechanism [61]. Surprisingly, the X R R  analysis depicts a

Bragg peak at about 2.8° even for the 2 cycles of Ir contribution as illustrated in

Figure 6.3(a), indicating a typical layered structure. This interpretation is even

more evident from the HRT E M micrograph of [4:35]*50 sample indicating peri-

odic bilayer structure of Ir/Al2O3 stacks in Figure 6.3(b). The dark layers denote

Ir and the bright layers display Al2O3.

In addition, G I X R D  measurements have been performed on a selected set of

compositions as illustrated in Figure 6.4. These heterostructures show no presence

of X R D  peaks indicating an amorphous growth of Ir/Al2O3 nanostructures. Only

for a relatively thick Ir (32 A L D  cycles, ≈  2 nm) and ultrathin Al2O3 (5 A L D

cycles, ≈  0.5 nm) individual contributions, X R D  peaks corresponding to Ir are

visible. These layers with 32 Ir A L D  cycles ( ≈  2 nm) are polycrystalline. All

heterostructures with 35 cycles of Al2O3 spacer layers are amorphous, as observed

by the G I X R D  measurements. Consequently, it indicates that the spacer film

thickness of 3.1 nm is suficient to inhibit the crystallization of ultrathin Ir layers.

From the X R R  and HRT E M investigations, an intermixing of Ir and Al2O3

along the interfaces has been predicted for very thin Ir contributions. To  elucidate

the bonding environment for such ultrathin heterostructures, two samples were
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Figure 6.3: (a) X-ray reflectometry ( X R R )  measurements and simulations on
selected heterostructures, (b) High-resolution transmission electron micrograph
(HRTEM) of [4:35]*50 sample.

[2:35]*100

[4:35]*50

[8:35]*25

Ir (111)
Ir (200)

[16:35]*13

[32:35]*7

Ir (222)

[32:5]*7

30 40  50 60 70 80 90

Bragg angle 2q [°]

Figure 6.4: Grazing incidence X-ray diffraction ( G I X R D )  measurements on a
selected set of Ir/Al2O3 heterostructures. The heterostructures with 35 cycles
of Al2O3 are amorphous in nature, whereas 5 A L D  cycles of Al2O3 led to the
crystallization of Ir layer.

exclusively prepared making them suitable for X-ray photoelectron spectroscopy

(XPS)  measurements. It is essential to obtain the extent of the metallicity of

these nanostructures. The designs of the structures were as follows,

• (Ir 2 cycles : Al2O3 35 cycles)*3 +  Ir 2 cycles +  Al2O3 20 cycles

• (Ir 16 cycles : Al2O3 35 cycles)*3 +  Ir 16 cycles +  Al2O3 20 cycles.
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A  single layer Ir film with 200 A L D  cycles has been investigated as a reference.

In Figure 6.5, the compositions are denoted with ‘4’ times of repetition to keep

the notation short and consistent as before.

It was necessary to prepare the layer stacks with few bilayers and an ultrathin

Al2O3 (20 A L D  cycles ≈  1.8 nm) layer on the top to reduce the spectral shift

in X PS  due to charging effects. The top Al2O3 layer was made with 20 cycles

instead of 35 cycles ( ≈  3.1 nm) as the latter was too thick for the photoelectrons

due to the limited escape depth. On the other hand, the top Ir layer is necessary

to be overcoated with the ultrathin Al2O3 to incorporate a sandwiched Ir layer in

between the Al2O3 layers to establish a similar bonding environment as that of

the thicker stacks.

Single layer Ir O 1s

[16:35]*4
[2:35]*4

Ir 4d5/2 Ir 4f

Ir 4d3/2 Al 2p

Ir 5s

IrO2 4f5/2 Ir 4f5/2 IrO2 4f7/2     Ir 4f7/2

Single layer Ir g
[16:35]*4
[2:35]*4

Al 2s

Ir 4p1/2 Ir 4p3/2

Ir 4s C 1s

Ir 5p

800 600 400 200

(a)                       Binding energy E [eV]
0 70 68 66 64 62 60 58 56

(b)                      Binding energy E [eV]

Figure 6.5: X-ray photoelectron spectroscopy (XPS)  of Ir/Al2O3 heterostructures
in comparison with a single layer Ir coating of approximately 10 nm. (a) 0 - 800 eV
binding energy range and (b) zoomed in for the range of 56 - 70 eV showing
exclusively the contributions from Ir 4f  states.

Figure 6.5(a) illustrates the peak intensity vs. the binding energy curves over

the available energy range from 0 to 800 eV, whereas, Figure 6.5(b) focuses on

an interesting range of binding energies from 56 to 70 eV corresponding to the Ir

4f energy states. In Figure 6.5(b), pristine Ir film depicted by the black curve

displays the contribution from Ir 4f7/2 and Ir 4f5/2 states respectively with an

excellent agreement with the literature values [201–204]. The red curve denotes

a heterostructure with 16 cycles of Ir ( ≈  0.9 nm), where the X PS  profile corre-

sponds very well with the pure Ir 4f  states. Mainly metallic Ir bonding state is
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prevalent; however, a contribution towards higher binding energies indicates the

subtle presence of Ir-O-Al bonding environment. A  quantitative analysis shows

approximately 68% metallic and 32% oxidic chemical composition. This chemi-

cal composition can be interpreted as about 16% of oxidation along the Ir/Al2O3

interface on each side. For instance, in the case of the [16:35]*4 heterostructure,

about 1-2 monolayers of Ir are assumed to be oxidized along the interfaces with

Al2O3 on both sides. Upon further decreasing the Ir contribution to 2 cycles, i.e.,

approximately 0.1 nm, denoted by the blue curve, we obtain a significant shift

towards higher binding energies suggesting the presence of an Al-O-Ir-O-Al bond-

ing state. The bond length of Ir-Ir is about 2.7 A, therefore, compositions having

2, 4, and 8 cycles of Ir mainly consist of O-Ir-O bonded layers, whereas with 16

cycles of Ir (0.9 nm), 2-3 metallic stacks are sandwiched between Ir-O bonded

monolayers. The bond-dissociation energies of Ir-Ir, Ir-O, and Al-O are 361± 68

kJ/mol, 414±42 kJ/mol, and 501 ±  10 kJ/mol, respectively, indicating a possi-

bility of Ir-O bond formation at the Ir/Al2O3 interfaces [205]. These inspections

enable to probe the growth and structure of the Ir/Al2O3 heterostructures.

6.3 Optical properties

6.3.1 Linear  optical properties

To explain the heterostructures from an optical perspective, various state of the

art investigations have been implemented. The transmission T , reflection R ,  and

optical losses O L  spectra of the Ir/Al2O3 heterostructures are demonstrated in

Figure 6.6. The upper and lower panels are for 3.1 nm and 1.4 nm spacer Al2O3

layers, respectively. The transmission spectra in Figure 6.6(a) show a gradual

decrease in transmission as the Ir content is increasing. Initially, the transmission is

quite similar up to 16 cycles of Ir inclusion with a gradual decrease, especially at

the UV spectral region. For the compositions with 32 A L D  cycles of Ir and

higher, the transmission rapidly decreases indicating the rise of effective metallic

character. For 128 Ir A L D  cycles ( ≈  7.6 nm) contribution, the stack becomes non-

transparent owing to the formation of closed metallic layers creating nanolaminate
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Figure 6.6: Transmission T (a, d), reflection R  (b, e) and optical losses O L  (c, f )
spectra of the heterostructures with 35 cycles (upper panel) and 15 cycles (lower
panel) of Al2O3 spacer layers, respectively.

structure, as discussed later in the SEM images.

The reflectance spectra shown in Figure 6.6(b) also indicate metallic character

for samples with more Ir content, as given by the distinct increment observed in

[128:35]*102 sample exhibiting a metallic reflection. In the case of the structures

with 1.4 nm spacer layer thickness (lower panel Figure 6.6(e)), the reflection spec-

tra already start depicting distinguishable metallic features even with relatively

low content of Ir. The reflection spectra look similar up to 16 cycles of Ir con-

tent indicating a dielectric behaviour. Further from 32 A L D  cycles onwards, a

strong increase in R  occurred finally leading to metallic reflection property for

the heterostructures containing a higher amount of Ir. In addition, the transmis-

sion spectra behave more sensitively to the metallic character than the reflectance

curves. Initially, up to 16 A L D  cycles of Ir contribution, as denoted by the red,

yellow, and blue curves in Figure 6.6(d)), T is relatively high like an effectively

dielectric system; a visible decrease is observed in the UV spectral range. With

increasing Ir content, T decreases rapidly leading to a non-transparent metallic

stack for the 128 A L D  cycles of Ir composition. It is observed from the UV/VIS

spectrophotometry measurements that the Ir/Al2O3 heterostructures undergo an

effective dielectric to metal transition with increasing Ir contribution, and the
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critical Ir thickness for the transition is within 32 to 64 A L D  cycles ( ≈  2 to 4

nm).

The corresponding optical losses OL, i.e., (100 - ( T + R ) ) ,  are plotted in Fig-

ure 6.6(c) and (f ), respectively. As depicted in the lower panel of Figure 6.6,

the decrease in transmission is more rapid than that of the thicker spacer layer

systems. As well, the reflection spectra start exhibiting metallic nature already

at 64 Ir cycles. Metallicity already emerged at a lower Ir content when the spacer

thickness is smaller. However, for ultrathin Ir contributions (up to 16 cycles),

even a 1.4 nm spacer layer has been the suficient barrier to attain a partially

metallic character of the heterostructure stacks, which will be more evident from

the optical constants determined using spectroscopic ellipsometry (SE) method.

The metallic contribution is however visible in the optical losses of the [16:15]*102

heterostructure. Its optical losses (mainly absorption) extend in the I R  spectral

range. This is in agreement with the X PS  study showing about 68% metallic

character for the heterostructure with 16 cycles of Ir.

• Optical constants and heterostructure stack thickness

The linear optical constants and the total thickness of the heterostructure

stacks have been determined by the SE technique. While obtaining the optical

constants, each heterostructure was considered as an effective medium, as op-

posed to a layer-by-layer approach. The measured ellipsometric parameters ψ

and ∆  have been fitted by employing Drude-Lorentz oscillator model containing 3

to 7 Lorentz oscillators depending on the complexity of the system. An example of

measured and fitted ellipsometry data has been presented in Figure 6.7 for the

[128:35]*13 heterostructure. A  promising agreement has been achieved between

the simulation and experimental results. A  similar fitting procedure has been car-

ried out for all the heterostructures ensuring the lowest possible mean square error

M S E  values. However, the heterostructures with 32 and 64 cycles of Ir (i.e., ≈  2

nm and 4 nm) were found to be the most challenging to model precisely because

of being in the transition regime. Whereas modelling the heterostructures with an

unambiguous dielectric or metallic character turned out to be more straightfor-

ward. Once an acceptable fit of the SE data was attained, the T , R  spectra were
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Figure 6.7: Experimental and simulated values of ellipsometric parameters at
different angles of incidence (a) amplitude ratio ψ and (b) phase shift ∆ .  A  case
study is shown here for the [128:35]*15 heterostructure.

simulated from the oscillator models and compared to the measured T , R  values.

The fits of the SE data were only considered satisfactory if the simulated T , R

values depict a reasonable match with the measured spectra. For instance, the T , R

values of [8:35]*102 heterostructure have been simulated using the determined

refractive indices from the SE measurements. The simulated T , R  data is showing

a reasonable agreement with the measured T , R  values, as depicted in Figure 6.8.

Figure 6.8: Comparison of the measured and simulated transmittance T and
reflectance R  data. The simulation has been performed using the fitted values
of refractive indices n by employing spectroscopic ellipsometry. A  case study is
shown here for the [8:35]*102 heterostructure.

In order to ensure the determination of dispersion spectra as reliable as possi-ble,

an example of the fitting procedure for the transition-regime heterostructure
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[64:35]*25 is given in Figure 6.9. The measured T , R  spectra with the correspond-

ing O L  are shown with solid curves, and the T , R ,  O L  spectra derived from the

fits of the SE measurements are shown in dashed curves. The wavelength range of

the SE measurements was 200 to 980 nm; the derived T , R  spectra consequently

span a narrower spectral range than the T , R  measurements, which were per-

formed from 200 to 2000 nm wavelength range. Furthermore, the measured T , R

data was also fitted with the Drude-Lorentz oscillator model, as shown with dash-

dotted curves in Figure 6.9 (b). The optical constants were further derived

100
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20

[64:35]*25
2.4

R
T              2.2

OL              
2
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0.4
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[64:35]*25
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k (TR)

0 0
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(a) Wavelength [nm] (b) Wavelength [nm]

Figure 6.9: A  case study with [65:35]*25 heterostructure sample. (a) Three data
sets for the reflectance R  (red), transmittance T (blue) and the optical losses O L
(green) are compared; the measured T , R  spectra (solid curves), fits of the T , R
measurements (dotted curves). The T , R  spectra simulated (dashed curves) from
the oscillator model were used to fit the SE measurements. (b) The refractive
index n (pink) and the extinction coeficient k (violet) spectra were derived from
the SE (solid curves) and T , R  fits (dashed curves), respectively.

from the T , R  fits, generating a second set of n and k values in addition to the

values derived from fitting the SE parameters. A  comparison of the two data

sets for n and k is shown in Figure 6.9(b). The optical constants from the SE fit

are denoted by solid curves and the ones from the T , R  fit are plotted in dash-

dotted curves. The similarity between the two sets increases the confidence in the

reliability of these models for obtaining dispersion spectra, as presented in the

following. Discrepancies are mainly attributed to slight variations due to different
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substrates and the non-uniformity of film growth. Additionally, a discrepancy is

observed in general in the investigation of the dispersion of absorbing materials

by SE vs. spectrophotometry, even for the same sample. As seen in Figure 6.6, a

slight variation of the Ir content between 16 to 64 cycles leads to a very large vari-

ation in T and OL, but relatively less for the reflection curves. Iridium nucleation

and growth behaviours depend on the substrate material and at least the first

few layers are prone to be influenced by the substrate. The non-uniformity also

drastically affects the T and O L  values. Variation of about 1-2 nm of Ir thickness

could lead to an almost 10% change in transmission.

As observed for both spacer thicknesses, the refractive index spectra quite

resemble that of Al2O3 for heterostructures having thinner individual Ir thickness

( ≈  up to 16 cycles, see Figure 6.10(a, c)). Figure 6.10(a, c) and 6.10(b, d) represent

n and k dispersion spectra for the heterostructures with 35 and 15 Al2O3 cycles,

respectively. Thereafter, a gradual increase in n and k have been observed since

2.1
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[32:35]*51
[64:35]*25
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1.
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4
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Figure 6.10: Refractive index n and extinction coeficient k spectra of various
heterostructures having (a, b) 35 and (c, d) 15 A L D  cycles of Al2O3 spacer layer.
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the metallic character of the heterostructures starts predominating as the Ir cycles

approach 32. Finally, with 128 A L D  cycles of Ir, the refractive index n and

extinction coeficient k possess a similar trend as of single layer Ir films (as plotted in

Figure 6.13(a, d) in Chapter 6.3.2 ). The k values are initially slightly higher than

single layer Al2O3 films, while following a similar trend, especially with a higher

absorption near the UV spectral range, as confirmed by the higher optical losses in

UV regime in the O L  spectra in Figure 6.6(c, f ) as well. The dispersion behaviour

of k exhibits significant metallic character from the stacks with 32 A L D  cycles of Ir

onwards, even more pronounced for the thinner space layer systems. Hence, the

critical Ir contribution for transiting from effectively dielectric to metal is

supposedly within 32 to 64 cycles of Ir ( ≈  2-4 nm), which is also consistent with the

observations from the UV/VIS spectrophotometry measurements.

Further, the variation of the effective dielectric function ϵ of the heterostruc-

tures has been examined. The real and imaginary parts of ϵ in the UV/VIS

spectral range are depicted in Figure 6.11(a-d) for the heterostructures with 35

and 15 cycles of Al2O3, respectively. The stacks with low Ir content behave simi-

larly to single layer Al2O3. With increasing Ir A L D  cycles, e.g., at 32 cycles of Ir,

the metallic character starts to influence the dielectric function of the heterostruc-

tures, whereby the Im(ϵ) is more sensitive to the Ir content. Subsequently, for the

heterostructures with 128 cycles of Ir, a similar trend as of a single layer Ir film is

observed. Noteworthy is the composition ratio at which the system is in the

transition phase (in between the dielectric and metallic phase), i.e., the [64:15]*25

heterostructure. The real part of the dielectric function Re(ϵ) for [64:15]*25 het-

erostructure tends to zero at around 230 to 240 nm wavelength, as shown by

the yellow-shaded region in Figure 6.11 (c). In materials, where Re(ϵ) approaches

zero, i.e., at the epsilon-near-zero (ENZ) frequencies, a strong nonlinear optical re-

sponse has been observed [206,207]. This heterostructure containing Ir and Al2O3

interfaces can therefore be a potential candidate for exploring an enhanced nonlin-

ear optical response. However, the imaginary part of the dielectric function I m(ϵ) is

relatively high, approximately around 4.2 to 4.6. The [64:15]*25 heterostructure

also exhibited high optical losses of nearly around 90% for a thickness of about
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Figure 6.11: The real and imaginary part of the dielectric function (ϵ) of the
heterostructures with (a, b) 35 cycles and (c, d) 15 cycles of Al2O3 spacer layers.
The yellow-shaded region in (c) depicts the epsilon-near-zero (ENZ) behaviour of
the [64:15]*25 heterostructure.

110 nm in its ENZ wavelength range, as seen in Figure 6.6 (f ). High optical losses

remain one of the largest obstacles faced in ENZ material development, which has

led to criticism of the practicality of ENZ materials [208]. Several means have been

attempted to compensate for the high optical losses observed in many ENZ mate-

rials, for example, by combining the ENZ material with a dielectric in a multilayer

structure [98, 99, 209] or by doping the ENZ material with a gain-medium [210].

This opens the scope of future research in designing and developing new nonlinear

optical materials.

While evaluating the thickness and roughness of the heterostructures, the cal-

culated and determined stack thickness (by means of SE, X R R ,  and SEM tech-

niques) along with measured r.m.s. surface roughness for all the heterostructures

are listed in Table 6.1. In general, the SE technique has been considered to be one

of the most reliable methods to determine the total stack thickness. The thickness
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Table 6.1: Comparison of determined film thickness by different methods and r.m.s
surface roughness of various Ir/Al2O3 heterostructures. The evaluated thickness
below is calculated from the single layer G P C  values.

Compositions
[Ir:Al2O3]*N

[4:35]*102
[8:35]*102

[16:35]*102
[32:35]*51
[64:35]*25

[128:35]*13
[4:15]*102
[8:15]*102

[16:15]*102
[32:15]*51
[64:15]*25

[128:15]*13

Volume
fraction of Ir

(%)

6
11
21
34
51
67
15
26
42
59
74
85

Evaluated
thickness

(nm)

343.7
366.2
411.1
250.4
166.8
132.5
160.1
182.6
227.5
158.6
121.8
109.1

Film thickness (nm)

SE X R R SEM
335.9 326.4 312.3
330.3 342.2 320.6
351.9 345.8 395.2
226.5         - 282.5
152.8         -             -
129.4         - 156.7
140.4 136.4 137.0
139.6 147.2 146.5
153.5 213.5 224.7
128.6         -             -
108.1         -             -
116.1         -             -

Roughness
r.m.s
(nm)
WLI
1.1
0.4
0.5
1.1
0.4
1.1
0.6
1.0
1.3
0.7
0.7
1.1

determination accuracy from the SE measurements is about ± 1  nm. However, the

samples with thick individual Ir layers having low T values are critical for precise

SE measurements. SEM micrographs provide a rough estimation of the thickness,

along with a visual cross-sectional appearance of the stacks. X R R  method has

also been applied on selected samples to probe the individual layer thicknesses,

total stack thickness, and interface roughness. For the samples with higher Ir

contributions, X R R  measurements show a bad signal-to-noise ratio making them

unsuitable for the fitting procedure. However, the heterostructures with thin Ir

films could be reliably analysed by X R R  (as observed in Figure 6.3). It is chal-

lenging to determine the total thickness of such atomically thin heterostructures.

Overall, almost all the compositions turned out to be thinner than the expected

thickness, indicating a possible nucleation delay of Ir on the Al2O3 sublayers, as

observed in our previous study on nucleation of Ir on various substrates [61]. The

thicknesses determined by SE and X R R  are mostly consistent with each other

and with the calculated (expected) thickness using individual G P C  values of the

constituents. Figure 6.12 portrays the SEM micrographs of selected heterostruc-
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(a)
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300 nm

(b)
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Si

282.5 nm

300 nm

(c)

[128:35]*13

Si

156.7 nm

300 nm

Figure 6.12: Scanning electron micrographs (SEM) of selected heterostructures;
(a) [4:35]*102, (b) [32:35]*51, (c) [128:35]*13. For ultrathin Ir coatings (i.e., up
to 32 cycles ≈  2 nm), SEM could not resolve the heterostructures. In the case of
heterostructure with 128 Ir cycles ( ≈  7.6 nm), a layered structure is visible.

tures, (a) [4:35]*102, (b) [32:35]*51, and (c) [128:35]*13. At 32 cycles of Ir ( ≈  2

nm) or lower, the heterostructures could not be resolved by SEM. In the case of

128 Ir cycles ( ≈  7.6 nm), a layered heterostructure is visible. While estimating

the stack thickness, SEM images show a bit of deviating thickness as compared to

the calculated value. This result can be attributed to the measurement arti-fact

or charging effects arose during the SEM imaging. The deviation is in the range

of 10% among different techniques. Notably, the thickness of the compos-ites with

large Ir content is probably underestimated by SE measurements, since their k-

values are very large. These cross-validated investigations represent the

robustness and thickness control of the A L D  growth method, even when metal

and dielectric are grown using a single A L D  recipe. Remarkably, it maintains the

superlattice nature of heterostructures even with interfaces repeated up to 102

times.

6.3.2 Effectiv e medium approximation approac hes

From a design perspective of thin film optical systems, it is essential to address the

simulation of the optical constants for such heterostructures, based on the effec-

tive medium approximation (EMA) approaches in comparison with ellipsometry

evaluations. Maxwell–Garnett (MG) and Bruggeman (BG)  formalisms have been

applied to numerically obtain an estimation of effective n and k-values of the het-

erostructures and compared to the experimental values obtained by SE in Figure

6.13. The MG model being based on the inclusion of a material in another host
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matrix, breaks down at a higher volume fraction f  of the inclusion material, as the

particle-particle interaction is not considered, and the model loses its validity. In

contrast, the B G  framework considers the system to be a homogeneous mixture of

two materials. Figure 6.13 depicts a comparison of dispersion spectra determined
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Figure 6.13: Comparison of dispersion spectra using the spectroscopic ellipsometry
technique (left panel; a, c) and effective medium approximation based simulations.
The evolution of n and k were simulated using Bruggeman (middle panel; b, e)
and Maxwell-Garnett (right panel; c, f ) models. The simulations were performed
using different volume fractions of Ir corresponding to heterostructures mentioned
in Table 6.1; all having 35 cycles of Al2O3 spacer layer. The corresponding volume
fractions are mentioned in percentages above the plots of middle and right panels.

using ellipsometric measurements (a, d) and EMA simulations (BG: b, e and MG:

c, f ), respectively. In the right panel, Figure 6.13(c, f ) illustrate the effective n and

k simulated by MG approach. It shows an increasing trend in optical constants as

the metallic influence increases, however, the model collapses as the f  approaches

close to 50%. On the other hand, the B G  model (in Figure 6.13(b, e), middle

panel) demonstrates an increasing trend of optical constants with increasing Ir

cycles. However, the n spectra could not follow the experimental observations for

the thickest Ir contribution (i.e., 128 cycles ≈  7.6 nm). This can be attributed to

the fact of generating closed Ir layers in Ir/Al2O3 nanolaminate systems leading to

the breakdown of the mixture model assumptions.

89



R
e(

e)

Additionally, special attention was given to the [64:15]*25 composite due to

its ENZ behavior. Figure 6.14 depicts the dielectric function of [64:15]*25 as

7
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Figure 6.14: The real part of the dielectric function calculated according to
Bruggeman’s approach. The colored lines indicate various volume fractions of Ir
using B G  model. The deep green triple line represents the dielectric function of
the [64:15]*25 heterostructure, derived from the fits of SE measurement.

derived from the SE measurement fits, alongside the EMA model based on B G

formalism for selected amounts of Ir volume fractions. Figure 6.14 (left) zooms

into the narrower spectral range of 200-400 nm targeting ENZ spectral range of

the [64:15]*25 heterostructure, whereas, Figure 6.14 (right) covers the broader

spectral response. The volume fractions chosen to be shown in the graphs are

the ones that bear some resemblance to Re(ϵ) of the ALD-grown heterostructure.

Although neither the B G  model nor the MG model was able to accurately pre-

dict the behavior of the dielectric function of [64:15]*25. Considering the entire

spectral range, the simulations that give the closest match to [64:15]*25 have a

significantly lower Ir contribution than expected, taking into account that the Ir

content of the fabricated heterostructure is roughly 50%. However, models with

higher volume fractions of Ir are comparable to Re(ϵ) of [64:15]*25 when focus-ing

on 200 to 400 nm wavelength. This emphasizes on how small changes in the

composition ratio emerge in major shifts in the ENZ wavelength. A  precise

tunability of the composition ratio is thus crucial to achieve the ENZ behaviour
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at a targeted wavelength. It should be noted that this material model does not

account for the partial oxidic bonding at the Ir-O-Al interfaces (see X PS  spectra).

Even though these simulations cannot precisely estimate the behavior of such

heterostructures, they provide a reliable trend of Re(ϵ) with increasing volume

fraction of the metal. Further improvement of the material modelling will be the

scope of future research to facilitate the improved material design and fabrication

for targeted ENZ applications.

6.3.3 Nonlinear optical properties

• Second harmonic generation ( S H G )

Second harmonic generation (SHG) is one of the most widely studied nonlinear

optical processes. It is a second order phenomenon which is forbidden in a medium

having inversion symmetry. By employing a nanolaminate strategy, it has been

possible to break the symmetry at the interfaces leading to surface SHG [94, 96,

97]. Here, the potential of obtaining SHG from periodic metal-dielectric stacks of

Ir/Al2O3 has experimentally been investigated. A  case study has been conducted

using the heterostructures with ≈  3.1 nm spacer thickness. The schematic diagram

of the experimental setup [211, 212] is depicted in Figure 6.15.

fs-Laser

plate 
Polarizer

x
z

AOI

Sample

Lens Long
pass

Short Band
pass pass

Camera

Lens

Figure 6.15: Schematic illustration of the characterization setup for second har-
monic generation (SHG).

An ultrafast laser (PHAROS-SP by Light Conversion) of 200 fs short pulses

at a wavelength of 1032 nm with a repetition rate of 200 kHz is incident on the

sample through the polarizer and the half-wave plate. The beam is focused onto

the sample to a beam diameter of 250 µm using a plano-convex lens of 400 mm
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focal length. The sample is placed on a rotational stage allowing to precisely vary

the angle of incidence. The emitted light through the sample has been collected

using a collector lens and finally detected by a CMOS camera. This is also set on a

motorized stage to detect the SHG both in T and R  modes. A  set of short pass and

band pass filters have been employed to selectively detect the second harmonic

contribution at the detection unit. The uncoated fused silica substrate and single

layer Al2O3 and Ir coatings were measured as reference samples. Initially, the

output SHG signal is measured by varying the angle of incidence (AOI) from 0°

to 80°, and eventually, the AOI for the highest output signal has been noted for

each sample. The maximum signal has been observed in between around 55° to

70° AOI values for the samples. A  relatively high AOI is required to facilitate

the breaking of centrosymmetry for achieving the SHG signal. Following this, the

output signal has been detected as a function of input power keeping the AOI

fixed for the highest output signal. Data presented in the following are for the

measurements using TM (transverse magnetic, i.e., E ( i )  is parallel to the plane

of incidence)-polarized incident light, as it shows significantly higher output SHG

owing to the exclusive out-of-plane nonlinear tensor components.

103 
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Ir 60 cycles Ir
75 cycles Ir
100 cycles

101  Fused silica

103 
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101  
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[32:35]*51
[64:35]*25
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Al2O3

102 103
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Figure 6.16: Second harmonic generation (SHG) power is plotted as a function of
input pump power for (a) Ir nanoparticles of different A L D  cycles, and (b) selected
Ir/Al2O3 heterostructures. The depicted SHG measurements were performed in
the TM-polarization mode of the incident beam. The heterostructure films show
enhanced second order nonlinearity as compared to single layer Ir and Al2O3

coatings. The dashed lines denote the comparison of output SHG power values of
different coatings at an input pump power of 100 mW.
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Figure 6.16 demonstrates the evolution of output SHG power as a function

of incident power for (a) Ir coatings and uncoated fused silica and (b) selected

Ir/Al2O3 heterostructures. The plots are depicted in log-log scale and a linear fit

of the measured data resulted in a slope of around 2. This confirms the presence

of SHG from the coatings, as the output power shows a quadratic behaviour with

the incident power. Our previous study reported that 45 A L D  Ir cycles refer to

Ir nanoparticles with approximately 20% surface coverage, whereas, 100 A L D  Ir

cycles lead to around 60% surface coverage [61], respectively. In Figure 6.16(a), an

increasing SHG signal has been detected with an increasing number of Ir cycles.

Further, the signal saturates rapidly as the metallic surface coverage increases, as

demonstrated for samples with 60 to 100 Ir A L D  cycles, which might be caused

due to self-absorption. The slope of the SHG signal for the sample with 45 A L D

Ir cycles is approximately 2, however, an increase in the slope of more than 2 is

observed for Ir coatings with 75 and 100 Ir A L D  cycles at relatively low pump

power values. This enhancement is attributed to the thermal non-equilibrium

between the electron gas and the lattice [213–215]. Moreover, the Ir coatings with

a low surface coverage have a continuous, quadratic increase of the SHG signal up

to 2 W pump power, which is the prescribed limit of the applied laser system. In

contrast, the SHG signal of nearly continuous ultrathin Ir films indicates damage

above 100 mW and saturation of the SHG signal. Hence, Ir samples with a low

surface coverage (around 60 A L D  cycles, i.e., less than 40% surface coverage) have

more attractive SHG properties for applications in the transmission mode, due to

a better stability.

Figure 6.16(b) illustrates that the SHG signal of the Ir/Al2O3 heterostructures

experiences a linear increase from 4 to 16 cycles of Ir content. The SHG power

is approximately doubled with the doubling of Ir A L D  cycles. The contribution

of the Ir in increasing the SHG signal could be attributed to the enhancement

of the metallic character of the multilayer stacks. It seems that the entire SHG

signal arises from the iridium component. Although the linear refractive index n

and the extinction coeficient k have a very small variation for these three

heterostructures (as demonstrated in the previous section), and accordingly, the
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transmittance of these compositions is also nearly identical between 400 to 1200

nm wavelength, a significant increase of their second order nonlinear response

(SHG) has been observed with increasing Ir content. This indicates that the

response of the electrons in the Ir atoms to the incident electromagnetic field

is dominant. Interestingly, even though the number of interfaces is half in the

[32:35]*51 heterostructure, and a similar total amount of Ir is grown, its SHG

signal is nearly 5 times larger than that of the [16:35]*102 heterostructure. A

higher Ir:Al2O3 ratio as in the [64:35]*25 heterostructure is not advantageous since

the absorption losses start dominating and the transmitted SHG power decreases.

The reproducibility of the results has been verified. Overall, it is evident that

ultrathin metallic coatings incorporated in a dielectric matrix have one to two

orders of magnitude larger SHG signal than single layer metallic films along with

significantly improved laser stability in the heterostructures due to the reduced

absorption despite a large metal content.

6.4 Application in  ultrafast optoelectronics

These investigations are from a collaborative research with the Wigner Research

Centre for Physics, Hungary. The study focuses on generating laser induced ultra-

fast current in the Ir/Al2O3 based metal-dielectric heterostructures. Conventional

electronics is reaching the speed limit of about 1 THz. A  new era of optoelec-

tronic devices working in PHz regime has attracted huge attention. These devices

are based on controlling the current on few femtosecond time scales [216, 217].

Here, few cycle carrier envelop phase ( C E P )  stabilized laser pulses have been im-

plemented to create such ultrafast current. The laser excites the charge carriers

at the metal-dielectric-metal interface. This effect has already been explored in

some dielectric materials, e.g., HfO2, SiO2, and GaN [218]. The input pulse can be as

weak as 300 pJ. However, the little gain achieved from the dielectrics encour-ages

to look for new material systems to enhance the applications of the current control

phenomenon. In this research, current control measurements have been

performed on a selected set of ALD-grown Ir/Al2O3 heterostructures. Gold elec-
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trodes were patterned on the substrates. The slit size is about 1 µm between the

two electrodes. This has been illuminated with few-cycle laser pulses up to 2.5

nJ, corresponding to the field strength of 0.4 V / A  on the target, with a repetition

rate of 80 MHz. The schematics of the measurement procedure is illustrated in

Figure 6.17(a). The C E P  dependent current is detected in the connected electrical

circuit using lock-in amplification. In the following expression, J  =  G−1 V , where

the lock-in amplifier measures the voltage V , which can be converted to current

J ,  by dividing by the gain factor G  of the pre-amplifier [218].

Laser
16 Current

Electrode A
12

Active layer 8

Substrate 4

0

(a) (b) Samples

Figure 6.17: (a) Schematics of the measurement setup of ultrafast current gen-
eration. A  focused laser beam is impinging on the active layer. Here, selected
Ir/Al2O3 heterostructures have been investigated as active layers. (b) The maxi-
mum generated current as function of increasing Ir content in the heterostructures
indicates an increasing trend in generated current with thicker metal interlayer.

The Ir/Al2O3 heterostructures having different individual Ir contributions are

measured with a position scan. The maximum current generated in each scan has

been detected. Figure 6.17(b) illustrates the maximum current generated in the

heterostructures in comparison with single layer Al2O3 film as a reference. An

enhancement in the output signal is observed as the individual Ir layer thickness

is increasing. The increase in current can be attributed to the field enhancement

effect by the metallic contribution in the heterostructures. Additionally, simula-

tions predict a connection between the maximum output signal and the metallic

concentration. These results were submitted in our recent works [219,220]. These

observations emphasize the potential enhancement of optically driven current gen-

eration in these atomically tailored metal-dielectric heterostructures.
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6.5 Discussions

This chapter demonstrates a potential route to develop atomic scale metal-dielectric

heterostructures of Ir/Al2O3 by employing the A L D  technique. A  combination of

spectroscopic and microscopic methods has been implemented to thoroughly un-

derstand the interfacial properties. The X R R  and HRTEM studies reveal the

creation of layer by layer heterostructures in contrast to the formation of core-

shell structures. Furthermore, the X PS  analyses supported the formation of an

Ir-O-Al environment for Angstrom scale Ir contributions. It is unique to observe

the precisely controlled growth of atomically thin metallic Ir layer ( ≈  68% metal-

licity) starting from about 1 nm, enabled by the intrinsic atomic scale control

of the A L D  processes. A  holistic and reliable set of characterizations has been

developed to determine the thickness and dispersion behaviour of such heterostruc-

tures. Following this, the linear optical properties demonstrate the possibility of

tailoring the optical constants by precise tuning of compositions. Additionally,

manipulating the dielectric function enables to obtain epsilon-near-zero (ENZ)

metamaterials based on metal-dielectric multilayer films. The precise composi-

tion control provided by the A L D  technology can tailor the ENZ condition. The

ENZ nature of the Re(ϵ) has evoked the potential of nonlinear optical applica-

tions. Furthermore, the SHG measurements indicate the feasibility of applying

these metal-dielectric heterostructures for achieving higher output eficiency in

SHG processes, as well as an improved laser induced damage threshold in com-

parison to the single layer metallic systems. Additionally, a brief overview is

provided on the utility of such heterostructures in laser induced ultrafast current

generation. These observations pave the path to artificially engineer novel opti-

cal materials for future applications in integrated optics, metamaterials, ultrafast

optoelectronics, and tailored surfaces for enhanced optical nonlinearities. The fab-

rication technologies are CMOS compatible and will be of paramount importance

in photonic integrated circuits.
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Chapter  7

Summary and outlook

For the development of novel device concepts, CMOS compatibility, and 3D pho-

tonic integration, multilayer stacks of different materials with nanoscale thickness

have become an integral part of this process chain. Atomic layer deposition ( A L D )  is

one of the key technologies to enable the growth of such materials by pushing the

edge of state of the art nanofabrication techniques to atomic scales. Due to the

inherent self-limiting nature of the surface reactions, A L D  provides promising 3D

conformality as well as atomic control of the film composition.

This dissertation investigates the growth and properties of all-dielectric and

metal-dielectric heterostructures where individual thicknesses have been achieved

to be a few nanometers down to a few Angstroms. The conclusions based on the

results of this research are summarized in the following.

A  comprehensive study has been carried out to understand the growth, struc-

tural, chemical, and optical properties of hetero-interfaces formed between two

technologically relevant oxides Al2O3 and TiO2. The periodicity to form quantiz-

ing heterostructures while tuning the optical bandgap of TiO2 has been evaluated

here. Initially, plasma enhanced A L D  ( P E A L D )  processes of Al2O3 and TiO2 were

developed at 100°C to achieve uniform (2-3% non-uniformity across 200 mm),

dense and optically homogeneous thin films. P E A L D  enables film growth at a

lower temperature due to the required reaction energy being provided by the en-

ergetic radicals generated in the O2 plasma. The single layer films possess very low

optical losses down to 250 nm and 400 nm for Al2O3 and TiO2, respectively. Al2O3

97



˚

having the higher bandgap is applied to be the barrier material, whereas, the rel-

atively low bandgap material TiO2 is implemented as the quantum well material.

Alternative stacking of these two materials having different optical bandgaps gives

rise to the quantum well superlattice structures. In the heterostructures, the film

thickness of Al2O3 and TiO2 has been varied from ≈  1 A  to 2 nm, respectively.

The intermixing at interfaces, a modified bonding environment, and the formation

of ternary oxides at interfaces become dominant structural features at this length

scale. As the quantum well thickness is decreased to ≈  0.5 nm or lower, a sig-

nificant blue shift has been observed in the optical band-edge indicating towards

the formation of optical quantizing structures. The technologically challenging

length scale to attain quantizing effects in dielectrics has been targeted using the

A L D  processes due to the precise thickness and composition control of the con-

stituents. Consequently, this enables the engineering of the optical bandgap and

tailoring of the optical dispersion spectra by developing atomic scale heterostruc-

tures. Furthermore, thorough investigations have been devoted to systematically

study the evolution of E g  as a function of n based on the composition ratio. The

ultrathin quantizing nanolaminates of Al2O3/TiO2, possessing higher E g  values,

can also serve as potential candidates for optical coatings in high power laser ap-

plications. Overall, our rigorous investigations emphasize the flexibility of A L D  to

design novel ‘artificial’ optical materials of desired refractive indices and optical

bandgap combinations with precise composition control at nanoscale. Following

this, antireflection coatings for 355 nm have been designed and realized using two

selected compositions. This demonstrates how the application window of TiO2

coatings can be expanded to the UV spectral range by means of creating A L D

heterostructures. Further, we extended our studies towards other important ox-

ide interfaces, such as HfO2/SiO2 heterostructures. These structures indicate the

flexibility of tailoring refractive indices, consequently, the optical bandgap and

improve the laser induced damage threshold values making these heterostructures

suitable for high power laser applications.

While investigating the metal-dielectric heterostructures, a unique combina-tion

of Ir and Al2O3 has been introduced. Noble metal Ir is known for its versatile
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applications, for instance, barrier coatings, electrical contacts in microelectronics,

and stable metallic mirrors, to list a few. Initially, single layer films of Ir and

Al2O3 have been developed at 380°C by means of thermal A L D  processes. In the

heterostructures, the Ir thickness has been varied from ≈  2 A  to 7.6 nm, whereas,

the Al2O3 spacer thickness has been chosen to have 3.5 nm and 1.5 nm, respec-

tively. Our previous studies on A L D  Ir coatings on various substrates have demon-

strated an island-type growth behaviour for ultrathin Ir coatings (e.g., below ≈  5-

6 nm). However, in the case of heterostructures with very low Ir content, a lay-ered

structure has been observed in contrast to the expected core-shell structure, as

revealed by the X R R  and HRT E M analyses. Further X PS  measurements led to the

indication of interface mixing and formation of IrOX  at the interfaces where the

individual Ir thickness was at sub-nanometer scale in the heterostructures. Upon

increasing the Ir thickness to 1 nm, the change in bonding environment shows

≈  68% metallic and 32% oxidic behaviour. It has remained challenging over the

years to achieve such ultrathin transparent metallic layers. Several at-tempts

have been made to grow ultrathin metal layers by PVD-based coating

technologies. In this research, the well defined atomic layer by layer growth mode of

the A L D  technique has been exploited to obtain nearly a monolayer of metallic Ir

coating, as supported by our STM observations. The reflection R  and trans-

mission T spectra and the dispersion properties of the Ir/Al2O3 heterostructures

clearly validate a transition from effectively dielectric to metal as the individual Ir

thickness became 2-4 nm. Additionally, the total stack thickness for all het-

erostructures has been determined by the SE, X R R ,  and SEM techniques. A

reasonable agreement among them emphasizes that the A L D  processes were well

controlled and the superlattice nature was retained even with 102 times of repeti-

tion. The SE analyses were cross-validated by determining the T , R  spectra from

the fitted optical constants and comparing them with the measured values from

spectrophotometry measurements. Furthermore, while calculating the dielectric

constants, the Re(ϵ) of the [64:15]*25 composition demonstrated an epsilon near

zero (ENZ) behaviour near 200-300 nm. This motivates future research in de-

signing and fabricating ENZ materials with desired spectral performance using
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atomically controlled metal-dielectric heterostructures. Following this, the het-

erostructures exhibited the presence of second harmonic generation (SHG). The

multilayer strategy has successfully achieved a higher second order nonlinearity

as compared to single layer Ir and Al2O3 coatings. The inclusion of the dielectric

Al2O3 spacers in the heterostructures has improved their laser induced damage

threshold in comparison with pristine Ir coatings. These results demonstrate the

potential of Ir-based heterostructures as an alternative nonlinear optical mate-

rial at the nanoscale. Further analysis would be necessary to determine the χ ( 2 )

parameters of such material systems.

Overall, ultrathin layers down to an Angstrom scale thickness in dielectric

heterostructures and down to monolayer metallic films in metal-dielectric het-

erostructures have been successfully achieved. A L D  allows us to leverage the

precise thickness and composition of complex heterostructures down to atomic

scale enabled by the atomic layer by layer growth mode towards manipulating the

dispersion properties, optical bandgap, absorption and scattering losses, optical

nonlinearity and laser induced damage threshold of heterostructure thin films.

The potential of controlling the interface properties by implementing atomically

thin barrier coatings could be explored further. Understanding the impact of

the ultrathin interfaces in generating SHG and HHG would be the scope for fu-

ture research direction. Nitride-based heterostructures (AlN, TiN, SiN) could

be developed and incorporated for enhanced functionalities. The material basis

of high-quality optical thin film coating processes could be further strengthened

with the aim to grow non-centrosymmetric thin films and heterostructures with

enhanced second-harmonic generation (SHG). Further, more complex optical sys-

tems can be developed, for instance, guided mode resonance grating elements with

enhanced nonlinear optical properties by matching resonant waveguide conditions

and active top-layer material nonlinearity. The investigations presented in this

dissertation shall be helpful for future research activities in the above mentioned

directions and beyond.
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Zusammenfassung

In jeder Epoche der menschlichen Zivilisation zählt die Entdeckung neuer Mate-

rialien zu den größten Errungenschaften. Seit jeher öffnen sie die Tür zu neuen

Technologien und machen diese zu einem integralen Bestandteil von Wachstum

und Lebensqualität.

Mit der Miniaturisierung von Halbleiter-Bauelementen ist eine neue Genera-

tion von Materialien im Nanometer- und Angströmbereich hervorgetreten. Solche

ultradünnen Materialien können im Vergleich zu ihren Bulkmaterialien von Natur

aus einzigartige Eigenschaften besitzen. Daher ist die Entwicklung neuartiger Ma-

terialien im Nanometermaßstab mit abstimmbaren Funktionalitäten von großem

Interesse. Voraussetzung für die Erzeugung ultradünner Schichten und deren Het-

erostrukturen ist die Entwicklung und Umsetzung modernster Verfahren auf atom-

arer Ebene.

Die Atomlagenabscheidung ( A L D )  ist eine chemische Beschichtungstechnolo-

gie, die auf sequenziellen und selbstbegrenzenden chemischen Reaktionen von

gasförmigen Reaktanten mit den verfügbaren funktionellen Gruppen auf der Sub-

stratoberfläche beruht. Aufgrund der selbstbegrenzten Oberflächenreaktionen

und des zyklusbasierten Abscheidungsmechanismus ermöglicht die A L D  eine präz-

ise Kontrolle der Zusammensetzung bis in den atomaren Bereich sowie eine beein-

druckende 3D-Konformität auf Strukturen mit hohem Aspektverhältnis. Dadurch

eignet sich A L D  besonders für die Herstellung ultradünner oder atomarer Het-

erostrukturen und bietet zudem die Flexibilität der Bauelementintegration. Ziel

der Dissertation war die Untersuchung des Wachstums und Eigenschaften von

sowohl dielektrischen als auch metall-dielektrischen Heterostrukturen auf atom-

arer Skala.
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Im ersten Teil der Arbeit wurde eine umfassende Studie zum Verständnis

des Wachstums, der strukturellen, chemischen und optischen Eigenschaften von

dielektischen Hetero-Grenzflächen durchgeführt, welche sich zwischen den zwei

technologisch relevanten Oxiden Al2O3 und TiO2 ausbilden. Die alternativen La-

gen von zwei Materialien mit unterschiedlichen optischen Bandlücken führt zur

sogenannten Quantum-Well-Superlattice, einer Heterostruktur, bei der in dieser

Arbeit Al2O3 als ein Material mit hoher Bandlücke als Barriere verwendet wird,

und TiO2 als ein Material mit relativ niedriger Bandlücke als ‘Well’-material

eingesetzt wird. Der technologisch anspruchsvolle kleine Maßstab zur Erzielung

von Quantisierungseffekten in Dielektrika wurde mit Hilfe von ALD-Prozessen

angestrebt, da hierdurch die Dicke und die Komposition der Bestandteile kon-

trolliert werden. Dies ermöglicht die Modifikation der optischen Bandlücke durch

Anpassung des optischen Dispersionsprofils. In den Heterostrukturen wurden die

Schichtdicken von Al2O3 und TiO2 von ≈  1 A  bis 2 nm variert. Die Vermis-

chung an den Grenzflächen, die veränderte Bindungsumgebung und die Bildung

von ternären Oxiden an den Grenzflächen führen zu dominanten Strukturmerk-

malen auf dieser Größenskala. Bei einer Verringerung der TiO2-Schichtdicke auf

ca. 0,5 nm oder weniger wurde eine signifikante Blauverschiebung der Bandlücke

beobachtet, welche auf die Bildung optischer Quantenstrukturen hinweist. Darüber

hinaus wurden eine systematische Studie durchgeführt, um die Entwicklung von

Eg  als Funktion des Brechungsindex n auf der Grundlage des Zusammenset-

zungsverhältnisses zu analysieren. Die ultradünnen quantisierenden Nanolami-

nate aus Al2O3/TiO2, die höhere Eg-Werte aufweisen, können auch als poten-

zielle Kandidaten für optische Beschichtungen in Hochleistungslaseranwendun-

gen dienen. Auf Grundlage der gewonnenen Erkenntnisse wurden Antireflex-

ionsbeschichtungen für die Laserwellenlänge 355 nm entwickelt und unter Ver-

wendung von zwei ausgewählten Zusammensetzungen demonstriert. Es wurde

erfolgreich gezeigt, dass der Anwendungsbereich von TiO2-Schichten durch die

Einbindung in Heterostrukturen bis in den UV-Spektralbereich erweitert wer-

den kann. Schließlich erfolgte eine Ausweitung der Untersuchungen auf andere

wichtige Oxidgrenzflächen, wie HfO2/SiO2-Heterostrukturen. Diese Strukturen

102



˚

¨

¨

bieten ebenso die Flexibilität, den Brechungsindex und die optische Bandlücke

einzustellen. Die darüber hinaus ermittelten erhöhten Laserzerstörschwellen machen

diese Heterostrukturen besonders attraktiv für Hochleistungslaseranwendungen.

Im zweiten Teil der Arbeit wurde bei der Untersuchung von metall-dielektrischen

Heterostrukturen eine einzigartige Kombination von Iridium (Ir) und Al2O3 einge-

führt. Das Edelmetall Ir ist für seine vielseitigen Anwendungen bekannt, z.B. für

Barrierebeschichtungen, elektrische Kontakte in der Mikroelektronik, und sta-

bile Metallspiegel. Zunächst wurden Einzelschichten aus Ir und Al2O3 bei 380°C

mit thermischen ALD-Verfahren entwickelt. In den Heterostrukturen, wurde

die Dicke des Ir von ≈  2 A  bis 7,6 nm variert, während die Dicke des Al2O3-

Abstandshalters (engl. spacer) auf 3,5 nm bzw. 1,5 nm festgelegt wurde. Die

strukturellen und optischen Eigenschaften solcher Heterostrukturen wurden sys-

tematisch mit verschiedenen spektroskopischen und mikroskopischen Methoden

untersucht. Frühere Studien zu ALD-Ir-Beschichtungen auf verschiedenen Sub-

straten zeigten ein inselartiges (Volmer-Weber) Wachstumsverhalten für ultradünne

Ir-Schichten (z.B. unter ≈  5-6 nm). Im Gegensatz wurde Ir/Al2O3 Heterostruk-

turen jedoch eine Schichtstruktur beobachtet, wie die X R R -  und HRTEM-Analysen

bestätigen. Weitere XPS-Messungen ergaben den Hinweis auf eine Grenzflächenmi-

schung und die Bildung von IrOX  an den Grenzflächen, wodurch die individu-

elle Ir-Schichtdicke in den Heterostrukturen im Subnanometerbereich lag. Nach

Erhöhung der Ir-Dicke auf 1 nm zeigt die Veränderung der Bindungsumgebung

≈  68% metallisches und 32% oxidisches Verhalten. In der vorliegenden Arbeit

wurde das deutlich definierte Schicht-für-Schicht-Wachstum der ALD-Technologie

genutzt, und letztlich eine einlagige metallische Ir-Beschichtung erzeugt, was durch

STM-Bilder gezeigt wurde. Die Reflexions- und Transmissionsspektren R  und

T sowie die Dispersionsspektren der Ir/Al2O3-Heterostrukturen bestätigen ein-

deutig einen Ubergang vom effektiven Dielektrika zum Metall, wenn die indi-

viduelle Ir-Schichtdicke 2-4 nm erreicht. Zusätzlich wurde die Gesamtdicke des

Schichtstapels (engl. stack) für alle Heterostrukturen mit Hilfe der SE, XRR-

und SEM-Techniken bestimmt. Die gute Ubereinstimmung zwischen den Ver-

fahren unterstreicht, dass die ALD-Prozesse gut kontrolliert wurden und der
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Ubergittercharakter erhalten blieb, auch bei 102 Wiederholungen der Heterostruk-

tur. Die Stimmung der dielektrischen Konstanten, Re(ϵ) der [64:15]*25-Zusammen-

setzung zeigt ein ‘Epsilon Near Zero’ (ENZ) Verhalten bei 200-300 nm auf. Dies

motiviert die zukünftige Forschung zur Entwicklung und Herstellung von ENZ-

Materialien mit der gewünschten spektralen Leistung. Darüber hinaus zeigten die

Heterostrukturen eine optische Frequenzverdopplung der Grund-welle des Laser-

lichts (engl. second-harmonic generation; SHG). Die Mehrschichtstrategie hat er-

folgreich eine höhere Nichtlinearität zweiter Ordnung im Vergleich zu einlagigen Ir-

und Al2O3-Beschichtungen aufgezeigt. Die Einbeziehung der dielektrischen Al2O3-

Abstands-halter in die Heterostrukturen erhöhen zudem die Laserzerstörschwellen

im Vergleich zu einzel Ir-Schichten. Diese Ergebnisse zeigen das Potenzial von Ir-

basierten Zusammensetzungen als alternatives nichtlineares optisches Material auf

der Nano-skala. Zur Bestimmung von χ ( 2 )  solcher Materialsysteme sind weitere

Analysen geplant, die jedoch nicht Gegenstand der vorliegenden Arbeit sind.

Zusammengefasst wurden ultradünne Schichten bis zu einer Schichtdicke im

Angström-Bereich in dielektrischen Heterostrukturen und bis hin zu einlagigen

metallischen Schichten erfolgreich realisiert. Atomlagenabscheidung ermöglicht

es hierbei, die Dicke und Zusammensetzung der komplexen Heterostrukturen

bis hinunter auf die atomare Skala genau zu beherrschen, und somit auch Dis-

persionseigenschaften, optische Bandlücken, Absorptions- und Streuverluste, op-

tische Nichtlinearität und Laserzerstörschwellen der erzeugten Heterostruktur-

Dünnschichten zu verbessern. Die rigorosen Untersuchungen dieser Arbeit unter-

streichen die Flexibilität der ALD-Methode zur Herstellung neuartiger ‘künstlicher’

optischer Materialien mit gewünschten Funktionalitäten durch die maßgeschnei-

derte Zusammensetzung im Nanomaßstab und diesen als Grundlage für die En-

twicklung von inovativen optische Systemen.
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[108] M. Mattinen, G. Popov, M. Vehkamäki, P. J .  King, K .  Mizohata, P. Jalka-
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by atomic layer deposition, Chem. Vap. Depos. 9(1) (2003).

127



[194] R.  Müller, L .  Ghazaryan, P. Schenk, S. Wolleb, V. Beladiya, F.  Otto,
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Abbreviations and symbols

A L D

Al2O3

AlN

Ar

A R

A R C

C E P

C V D

DOS

EMA

E M T

G P C

H2O

HfO2

HHG

Ir

Ir(acac)3

IrOx

MEMS

atomic layer deposition

aluminium oxide, alumina

alumium nitride

argon

antireflection

antireflection coating

carrier envelope phase

chemical vapour deposition

density of states

effective medium approximation

effective medium theory

growth per cycle

water

hafnium oxide, hafnia

higher harmonic generation

iridium

iridium acetylacetonate

iridium oxide

micro-electromechanical systems

ms millisecond

MSE mean square error

O2 oxygen

P E A L D plasma enhanced atomic layer deposition

P V D physical vapour deposition
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R reflectance

R F radio frequency

r.m.s.          root mean square

s second

sccm standard cubic centimeter per minute

SE spectroscopic ellipsometry

SEM scanning electron microscopy

SiN silicon nitride

SiO2 silicon oxide, alumina

STM scanning tunnelling microscopy

T                 transmittance

TiN titanium nitride

TiO2 titanium oxide, titania

T M A           trimethylaluminium

T T I P          titanium isopropoxide

UV-VIS     ultraviolet and visible

WLI white light interferometry

X PS x-ray photoelectron spectroscopy

X R R x-ray reflectometry

3DMAS trisdimethylaminosilane

ϵ dielectric constant

E g                      optical bandap

Planck’s constant

n refractive index

k extinction coeficient

κ momentum

K wave vector

λ                 wavelength

ψ                amplitude ratio

∆                phase difference
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Munser, M. Kling, S. Schröder, A. Tünnermann, A. Szeghalmi, Linear and

nonlinear optical properties of iridium nanoparticles grown via atomic layer

deposition, Coatings 2023, 13(4), 787 (Invited).

• S. Alam, P.  Paul, V. Beladiya, P. Schmitt, O. Stenzel, G. Matthaeus, S.

Nolte, S. Riese, F.  Otto, T .  Fritz, A. Gottwald, A. Szeghalmi. Heterostruc-

ture films of SiO2 and HfO2 for high power laser optics prepared by plasma-

enhanced atomic layer deposition (PEALD) ,  Coatings 2023, 13(2), 278.

• F.  Abtahi, P.  Paul, S. Beer, A. Kuppadakkath, A. Pakhomov, A. Szeghalmi,

S. Nolte, F.  Setzpfandt, F.  Eilenberger, Enhanced surface second harmonic

generation in nanolaminates, Opt. Express 31, 11354-11362 (2023).

• K .  Gerold, V. Beladiya, P.  Paul, D. Kästner, M. Saarniheimo, K .  Niiranen,
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A. Szeghalmi, Structural and optical properties of atomically engineered

136



Ir/Al2O3 nanocomposites, SPIE  Photonics Europe, April 3rd – 7th 2022,

Strasbourg, France.

• (Invited talk +  Proceeding) P.  Paul, V. Beladiya, D. Kästner, M. Burkhardt,
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Tunable Optical Properties in Al2O3/ TiO2 Nanocomposites Fabricated by

Atomic Layer Deposition (ALD),  OSA Advanced Photonic Congress 2020,

Novel Optical Materials and Applications, paper No2MC.4., June 13th – 17th

2021, Virtual Meeting.

• (Talk) P.  Paul, K .  Pfeiffer, A. Szeghalmi, Antireflection Coatings on PMMA

Substrates by Atomic Layer Deposition, AVS A L D / A L E  2020, June 29th –

July 1st 2020, Virtual Meeting.

• (Poster) P.  Paul, P. Schmitt, W. Li, Z. Wang, N. Daryakar, C. David,

K .  Hanemann, R.  Rafi, S. Beer, M. Kling, A. Tünnermann, A. Szeghalmi,
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