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ABSTRACT 

Plasmonic brings the promise to overcome both the speed limitation of electronics and 

the scalability issue of photonics, however it is affected by fundamental issues such as 

large ohmic losses, lack of tunability and CMOS compatibility. All these problems 

prevent a widespread of plasmonic technologies. My research focuses on developing a 

new class of plasmonic devices based on Transparent Conductive Oxides (TCOs). 

Because of their low losses in the NIR, their fabrication flexibility, and exceptional optical 

nonlinearities, TCOs could drastically mitigate all the previously listed limitations.  

Great part of the thesis deals with the characterization of Aluminium Zinc Oxide (AZO) 

and Gallium Zinc Oxide (GZO) in the linear and nonlinear regime within the ENZ 

spectral region, by using various alterations of a standard pump and probe set-up.  

My work shows how large and ultra-fast nonlinearities, triggered by both interband and 

intraband excitations, are combined to produce independent and algebraically summable 

nonlinear effects in TCOs and how degenerate optical excitation can lead to an 

unprecedented enhancement of the nonlinear Kerr effect.  In the direction of low power 

frequency conversion, experiments of semi-degenerate four-wave mixing have also been 

performed. Finally, ultra-fast tunable nanocavities based on a Gallium Zinc Oxide (GZO) 

are also reported. 
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1. CHAPTER 1  MOTIVATIONS AND SCIENTIFIC 

BACKGROUND 

 In the 1965 Gordon E. Moore, co-founder of Intel, came out with a simple rule of 

thumb according to which the number of transistors in the integrated circuits would have 

doubled roughly every eighteen months [1], giving birth to one of the most famous 

historical trend soon became a guide to set the targets of the R&D department in the 

semiconductor industry and was accepted as a goal by the most competitive 

manufacturers. Scaling down electronic components was simply a very effective way to 

increase speed (as consequence of the reduced parasitic capacitance) and to reduce energy 

consumption (typically measured as energy per switching cycle of a transistor). Even 

started to slow down (see fig. 1.1). The main reason for this was not the originally 

envisioned problem of minimum size fabrication capability but rather the power density 

of integrated devices, which scales down slower than the actual device physical size. With 

the digital electronics as a driving force of the global economic growth, it has become of 

paramount importance finding solutions to sustain the trend predicted by Moore. Current 

solutions mainly rely on new parallel microchip architectures and computation strategies, 

period, the pace of the advancements in electronics will start saturating again. 

 
Figure 1.1: Evolution of multi-core processors. (Original data from https://www.karlrupp.net/blog/)
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 onics is photonics where data 

information is encoded in optical signals. The fundamental boost to this technological 

revolution was provided by two key achievements, the invention of the LASER of course, 

and the fabrication of low-loss optical fibres, which today account for about 100% of the 

high-capacity long-haul global telecom network. Photonic systems possess an intrinsic 

bandwidth which is orders of magnitude broader than what available using electric 

communications and they allow for signal re-amplification after several hundreds of 

the impossibility of achieving full device integration due to the Abbe diffraction limit. 

The latter sets a lower bound to the system size to about half the operational wavelength. 

Alternative technologies have been proposed to enable nanophotonics, among these, 

plasmonics has gained significant attention during the last decade, thanks also to a direct 

link to metamaterials [2]. In plasmonics the electromagnetic radiation is coupled to the 

oscillation of the electron plasma at the metal/dielectric interface thus exciting modes 

(plasmons) which can have very large wave vectors and very small correspondent 

effective wavelengths. With the extraordinary capability of allowing light confinement at 

nanometric scales, plasmonics makes in principle possible real integration of photonic 

components. However, significant advancements to realize practical plasmonic 

applications need to be supported by material science in order to overcome few key 

limiting factors [3]. Indeed, the high losses exhibited in the near infrared by the typical 

metallic inclusions of plasmonic devices prevent a widespread of this technology. 

Recently, the scientific community is showing a growing interest in all-dielectric 

nanophotonics, where the metallic structures are eliminated in place of dielectric 

materials, arranged in high contrast systems. This radically new approach relies on a 

different theoretical background where Mie scattering theory is applied, while the key 

features of plasmonics are suppressed. An alternative strategy for overcoming the issues 

related to the use of metals without abandoning plasmonic technology relies on the 

development of alternative low-loss metal-like materials. In this direction, my research 

activities are fundamentally focused on the use of the transparent conductive oxides 

(TCOs). This relatively new class of materials is created starting from wide-bandgap 

semiconductors which are subsequently heavily doped so that to achieve metallic 

behaviour [3]. These hybrid materials (in between metals and semiconductors) have been 

demonstrated to possess extraordinary properties, among which the possibility to enter in 

the epsilon near zero (ENZ) regime at telecom wavelengths has made them particularly 

attractive. Significant attention has been devoted during the last years to the possibility to 
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enhance the material nonlinearities at ENZ, opening new opportunities for designing 

novel nanophotonic devices and studies in fundamental physics. 

 In this first chapter, a brief introduction to plasmonics will be provided, highlighting 

the main characteristics and applications. I will also give a brief introduction about the 

working principle at the base of all-dielectric nanophotonic devices, which recently have 

gained great importance as alternative to plasmonics. An extensive section will be 

and advantages will be discussed paying particular attention on the nonlinear properties 

of these materials when operating in the epsilon-near-zero spectral window. 

1.1 Introduction to plasmonics 

1.1.1 Historical hint and state of the art 

 The term plasmonics concerns the field of physics which study the optical 

phenomena and applications associated to the electromagnetic modes of the collective 

oscillations of free electrons at a metal/dielectric interface. It was 1999 when the word 

promising new device technology which exploited the properties of metallic 

nanostructures for the manipulation of light at the nanoscale [4]. However, the real birth 

on the optical 

properties of the colloidal particles of gold, during the second half of the XIX century. 

Since that moment, many scientists have approached this topic. For instance, Maxwell 

theory of metals, 

explained mathematically the electromagnetic properties of spherical metallic 

nanoparticles. In the 1960s, studies on the photoemission from metallic thin films gave 

rise to the possibility to obtain an enhancement of the light absorption from the surface 

of the metal to enhance the photoemission rate [5]. In the same period, David Pines 

studied the energy losses of the collective oscillations of the free charges inside the metals 

a prolific season of publications on this topic. While the growing importance of the 

coupling between the oscillating electrons of a surface plasmon and the electromagnetic 

field was more appreciated, Stephen Cunningham and collaborators introduced in 1974 

the term surface-plasmon-polariton (SPP) [6]. Still, in the 1970s, a new approach relying 

on quantum emitters was explored to excite SPPs, which later became the core of the 

development of active plasmonic sources [7,8]. Later, Kreibig and Zacharias found the 
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connections between the optical properties of gold and silver nanoparticles and surface 

plasmon excitations. At the same time, seminal works about the quantum attributes of 

plasmonic nanoemitters were developing. 

 Another important discovery for the field of plasmonics is related to observation of 

a strong Raman scattering in pyridine molecules nearby a silver surface, which is 

enhanced by the high local field intensity of the surface plasmons [9,10]. The 1980s saw 

the birth of the scanning near-field optical microscope (SNOM), thanks to Dieter Pohl 

and Aaron Lewis, [11,12] a tool that can exploit the surface plasmon excitations to both 

confine the light below the diffraction limit and image plasmonic fields with unparalleled 

spatial resolution. In this direction, tremendous progresses have been achieved in 

improving the spatial resolution, decreasing data acquisition time, and adding new 

functionalities such as nanoscale spectroscopy and measurement of amplitude, phase and 

vectorial properties of light at the nanoscale [13]. In 1986 the first commercially system 

become available, while 11 years later Junichi Takahara and co-workers suggested that 

metallic nanowires could enable the guiding of optical beams below the free-space 

diffraction limit. In this direction, Sir Jon Pendry proposed in 2000 that a thin metallic 

film could have been used to manipulate light with the scope of attaining a perfect lens 

[14]. 

 In recent years, the field of plasmonics has grown tremendously, covering 

uncountable new applications ranging from plasmon-assisted catalysis [15], nanoscale 

thermal engineering for nanostructure synthesis and phase transformations [16,17], heat-

assisted magnetic recording [18], cancer treatments [19], optical trapping [20], enhanced 

sensing [21 23], optical imaging  [24,25], extreme lithography [26], emission 

engineering [27 29], efficient photovoltaics [30,31], active plasmonic chips [32,33], 

modulators [34,35], detectors [36,37], also including ultrafast and nonlinear plasmonic 

components [38 41]. Most relevant to my work, plasmonic metamaterials represent a 

powerful way to enhance the nonlinearity by operating at wavelengths in the epsilon-

near-zero region  [42].  

 All these remarkable achievements have been made possible also thanks to the 

advancements in understanding the properties of light confinement in resonant antennas 

and cavities, plus the guiding properties of the plasmonic waveguides and nanocircuits. 

Another important aspect of the progress in the field of plasmonics is the renewed interest 

in quantum systems. With the optical antennas able to squeeze the electromagnetic waves 

in nanometric structures, quantum phenomena as the emission enhancement due to 
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Purcell effect occurs [28]. The recent work by Zuloaga and collaborators has also opened 

new paths to study quantum plasmonic effects, showing that electron tunnelling between 

nanoparticles in close proximity affects the resonant properties of the localized plasmons 

[43]. 

 Progresses in material fabrication technologies have also made possible to realize 

systems exhibiting unconventional optical properties and functionalities, including 

negative index materials, zero index systems, optical cloaking, subwavelength imaging, 

nano-lasing, as well as unique anisotropic behaviour, such as record high chirality and 

optical activity. Transformation optics has provided a theoretical basis for the design of 

new optical components, showing how is possible to have full control over the flow of 

light by engineering artificial materials with subwavelength inclusions. A fundamental 

contribution to this subject was given by V. Veselago [44], who first theorised the 

possibility to realis

by J. Pendry [14,45], who indicated the way for the practical realization of negative index 

materials and invisibility cloaks. In this direction, new studies have been carried out on 

metasurface, 2-dimension metamaterials, and metadevices, with the intent to optically 

guide and manipulate the electromagnetic waves. Because of their flat structure, these 

elements also display a straightforward integration in a wide range of technologies. While 

the complexity of the systems increases, the design of plasmonics devices requires a 

simplification of the system components, which role is now played by single 

nanostructures. For instance, in the elegant theoretical work performed by Engheta, 

insulators are modelled as capacitors or metals as inductors [46,47], while the energy 

dissipation was provided by introducing resistors. 

 Decades of remarkable achievements and extraordinary proof of concepts have then 

suggested that plasmonics can be the key to the design of the future technology, 

introducing at the same time new paradigm of the physics. In the next session, the main 

features of plasmonics will be treated, alongside its limitations. 

1.1.2 Advantages and limitations of plasmonics 

 To fully understand the importance of plasmonics for the world of nanophotonics, 

we need to understand its fundamental points of strengths and limitations. As I will 

explain later on in this chapter, all the main features of plasmonic devices can be related 

to the properties of the constituent metallic nanostructures. These characteristics can be 

summarized as follow: 1) extreme confinement and manipulation of the light below the 

diffraction limit; (2) optical tunability of the resonant response of the nanostructure by 
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varying size, shape of the elementary components or modifying the dielectric 

environment; (3) efficient light-to-heat conversion; (4) extreme versatility of 

nanometallic elements and building blocks to produce many fundamental optical 

functionalities (e.g. light emission, modulation, filtering, guiding, etc.). One of the most 

well-known peculiarities of the plasmonic nanostructures is the already mentioned 

capability to concentrate the light to the nanometric scale and generate local high fields. 

This property is of great importance in nanophotonics, where the wavelengths of interest 

are typically in the VIS  NIR spectral range and light cannot be focused to spot size less 

than half of the wavelength, because of the restrictions imposed by the fundamental law 

of diffraction. The mechanism of the light confinement in plasmonic structures is strictly 

linked to the metallic nature of their constituents. The incident electromagnetic field 

excites at the metal/dielectric interface coherent oscillations of the free electrons, these 

are called Surface Plasmon Polaritons (SPPs) for open surfaces or Localized Surface 

Plasmons (LSPs) in the case of nanoparticles. The motion of the electron plasma can be 

described by a mass-spring system, with the electron playing the role of the mass, while 

the Coulomb force generated by the displaced charge of the electron represents the 

restoring force. The system can then show a strong resonance in which all the electrons 

are effectively set into oscillation by converting electromagnetic energy into kinetic 

energy. By this mechanism, similar to the one exploited in antennas with radio waves, 

plasmonic systems can concentrate the light beyond the diffraction limit, allowing the 

control of the electromagnetic field where the typical dielectric lenses cannot. However, 

as previously mentioned, this capability comes at the cost of some inevitable optical 

losses. Reducing device chip-scale also brings other practical advantages: it increases the 

speed of execution, reduces the energy consumption, which is often related to the 

dimensions of the system, and lower the cooling time. Another benefit is the high Q factor 

brought by the small mode volume produced in metallic nanocavity, which can then 

outperform their equivalent dielectric counterpart [48,49]. Finally, the high confinement 

also naturally simplifies the design for quantum plasmonic devices, optical computing, 

cryptography and metrology [50 54]. 

 The possibility to control the optical response by modifying size, geometry, shape 

and surrounding dielectric medium is the second key feature of the plasmonic 

nanostructure [55]. For example, nanoparticles in colloidal solutions can show different 

colours because of their different dimensions. When the plasmonic particle is much 
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the permittivity  of the metal and that one  of the dielectric environment using the 

following formula  [56]: 

  (1.1) 

where a is the radius of the particle. The strongest response is observed when the 

denominator in equation (1.1) approaches zero, then for , which is obtained 

at different wavelength for different materials. The resonance can also be shifted in 

frequency by varying the size and the shape of the metallic elements, exploiting the 

variation of the phase and the amplitude of the electromagnetic field in the particle. The 

possibility to vary the macroscopic optical response of an artificial material by operating 

on the properties of the meta-atoms provides extraordinary flexibility in the design of the 

functions of the system, opening the way to a large variety of plasmonic devices. 

 Generally speaking, the heating of the nanometric metallic inclusions is detrimental 

for the overall device performance and for the integrity of the device. However, the 

capability to quickly modulate the temperature in a very small volume has been exploited 

to convert the electromagnetic energy in thermal energy [57]. Many applications that 

exploit this ability have been proposed and successfully proved, including cancer 

treatments [19], photothermal nanotherapeutics [58], shaping of polymer surface [59], 

control over the local phase transitions [60], fabrications of nanostructures and 

nanoparticles [61,62], drug delivery [63], and reversible photothermal melting of DNA 

[64]. In many of these applications, the possibility to heat locally through the excitation 

of the plasmonic resonance, rather than globally using a furnace, represent an efficient 

and smart method to reduce the energy consumption and the time of the heating process. 

 The ability to use metallic structures to perform multiple simultaneous 

functionalities is another key strength of plasmonics. In fact, metals can be employed not 

only to inject carriers but also as electrodes and/or optical antennas. Another strategy to 

obtain a multi functionalities relies on the use of plasmonic waveguides, which can 

transmit an optical signal and generate electric heating at the same time, while still be 

usable as electrode to modulate the guided signal. A pioneering work performed by 

Bozhevolnyi on plasmonic modulators represents an excellent example of this concept, 

where a Mach-Zehnder interferometer composed by 15 nm-thin and 8 mm-wide gold 

strips surrounded by a thermo-optic polymer can modulate long-range surface plasmons. 

Electric current heats the gold strip locally by changing the refractive index of the 

surrounding polymer, which causes, in turn, the perturbation of the plasmons, therefore 
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creating constructive or destructive interference in the other strips with a resulting 

extinction ratio up to 30 dB [34]. 

 Finally, we must mention another very important peculiarity of plasmonic systems 

which deals with the possibility to largely enhance the nonlinear optical response as a 

direct consequence of the high field confinement typical of plasmonic modes [65]. One 

of the first applications of this effect is the surface-enhanced Raman scattering, with the 

plasmonic excitation capable to increase the process by 1010 - 1011 orders of magnitude 

[66], enabling single-molecule detection. Enhanced nonlinearities can also be used to 

modulate the effective refractive index [67]. This can be attained by either manipulating 

the metallic elements or the surrounding dielectric. Moreover, the plasmonic excitations, 

having time response of few femtoseconds, make possible ultrafast signal processing and 

other intriguing functionalities. 

 All the main key features of plasmonics stem from the use of metals and on their 

optical and electrical properties. However, the reason for the success of plasmonics is at 

the same time the cause of its main limitations. Intraband transitions and scattering effects 

generated by the defects in the solid are the primary processes responsible for the losses 

in metals such as gold and silver. The combination of these two effects and the 

correspondent losses make noble metals unsuitable for many practical devices. 

 Another significant challenge with regards to the nanofabrication processes of 

plasmonic devices is linked to the difficulty in growing continuous and uniform ultra-thin 

metallic films introducing additional complexity to standard deposition processes and 

limiting the design of integrated systems. Detrimental effects also come from the 

chemical instability of most metals, which degrade due to the exposure to air, oxygen or 

humidity. 

 In addition to this, in plasmonic elements high thermal losses are accompanied 

with high electric and thermal conductivity of metals, making plasmonic structures 

pa  their damage threshold, which is generally very low 

if compared with dielectric systems. Moreover, the metallic nanostructures cannot be 

integrated with CMOS system, one of the fundamental elements of the electronics. 

Finally, since the carrier concentration in metals cannot be remarkably varied by either 

employing an electrical or an optical bias, plasmonic components  result to be not very 

efficient  in applications where switching or modulating the optical properties are 

essential [3]. 
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1.2 Alternatives to plasmonics: the all-dielectric nanophotonics 

 For all the limitations listed in the previous section, very recently the new field 

of all-dielectric nanophotonics has gained significant appeal as a consistent alternative to 

plasmonics, as demonstrated by the growing number of publications on this field of study. 

Light-matter interaction processes can be enhanced in all-dielectric systems exploiting 

the resonant properties of high-index dielectric nanoparticles, which also display 

considerable low losses. Moreover, all-dielectric nanophotonics devices exhibit other 

relevant advantages, such as relatively mature fabrication processes and compatibility 

with CMOS systems. 

 Although the enormous interest in the optical properties of the all-dielectric 

nanophotonic structures is quite recent, the Mie theory, which describes the physic 

behaviour of the high-index subwavelength particles, was formulated over one century 

ago. This theory is based on the assumption that when an electromagnet field is scattered 

by a sphere of undefined size and permittivity , it can be described by a sum of both 

electric and magnetic-type spherical harmonics. The amplitudes of these harmonics are 

represented by the so-called Mie coefficient for the electric and magnetic modes, 

respectively. These amplitudes possess a collection of resonant frequencies where the 

respective electromagnetic field is enhanced outside and inside the space occupied by the 

sphere. 

 The increase in the optical process obtained by the resonant nanostructures can 

be evaluated by several figures of merit, depending on the field of application. In 

spectroscopy, for instance, the local filed confinement is widely used as a fundamental 

parameter to evaluate the efficiency of the Raman scattering process or high-harmonic 

generation [68 70]. By means of temporal coupled-mode theory, we can define the local 

field enhancement with the following relation [71]: 

  (1.2) 

where  represents the quality factor of the excited mode,  and 

 are the radiative and non-radiative decay rates, respectively,  is the mode volume, 

 is the incident field, and  is the local field. High Q factor and low mode volume 

are then the key factors to boost the local field enhancement in nanomaterials. 

 Although losses represent an important channel of energy dissipation, the 

efficiency in high index Mie resonators is mostly limited by the radiation damping, which 
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is taken into account through the radiation efficiency of the nanoelement 

, where  and  are the scattering and absorption cross sections, 

respectively. When  is close to 1, the incident light is almost entirely re-radiated 

without any absorption. Additionally, nanoantenna of small dimension would be 

preferable to facilitate the reduction of the distance between the elements and the spatial 

dispersion effect. 

 The reason why the losses are negligible in all-dielectric nanostructures relies on 

the different physics at the base of the enhancement of the electric field. In plasmonic 

systems free electron currents produce strong ohmic losses. On the contrary, in the high 

index systems, the optical response is dominated by the displacement currents of the 

bounded electrons, which not lead to energy dissipation through non-radiative thermal 

processes (fig. 1.2). 

Figure 1.2: Schematic illustration of the different resonance occurring in a plasmonic and dielectric 
nanoparticle. The oscillation of the free electrons in the metal produces conduction currents in plasmonic 
nanoparticles, whereas bounded charges in dielectrics cannot move freely across the particle and give rise 
to the displacement currents.

 Another relevant feature of high-index nanoparticles is the magnetic dipole 

resonance (MD), which takes place at the lowest frequencies when compared to other 

resonances [72,73]. Having the lowest energy, MD resonances show a significant 

enhancement of the spontaneous emission process and nonlinear effects if compared with 

electric dipole resonances. This is due to the more considerable local field enhancement 

and local density of states [74 77]. The wavelength at which the MD resonance of a 

spherical particle occurs is proportional to the refractive index  and the diameter  [72]. 

A high value of  is then essential for scaling down the device and beneficial for field 

enhancement and Q factor of the Mie scattering at once, with the radiation leakage limited 

by the larger index contrast. The latter consideration becomes the starting point for the 

quest for materials with very high index. Semiconductors as Si, Ge, GaSb and others, for 

example, display the highest known permittivity in a wavelength range that covers VIS 
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and NIR, while narrow band semiconductors and polar crystals can be used with 

wavelengths in the mid-IR [78,79]. The high refractive index of these materials is 

depicted by the two Lorentzian in fig. 1.3, which represent interband and phonon 

resonances. The light coupled with the optical phonon of the crystal lattice is the cause of 

the low frequency phonon-polariton resonance [80], while the interband transitions, 

which occur in the VIS and IR wavelength range, generate clear plateau in the dielectric 

function. 

 Similar to the case of plasmonics, in which metals bring the main benefits and at 

the same time numerous limitations, also for the dielectric nanostructure based on high 

contrast systems the high refractive index introduces some fundamental problems. 

Considering the Kramers-Kronig relations, the high refractive index must be linked to 

higher absorption, introducing the necessity to find a trade-off between these two 

parameters that limit the performance of all-dielectric resonators. The latter consideration 

sets a critical difference between the semiconductors and the polar crystals: while in the 

first case the materials display mainly resonance originated by interband transitions, 

which are related to relatively low absorption, in the second case the high refractive index 

generated by single phonon resonances comes with high absorption [81]. 

 
Figure 1.3: A typical dielectric response of a high-index material displaying two main resonances. The 
shaded green area illustrates a high-index plateau related to the phonon resonance of the material, whereas 
the shaded red area indicates the resonance triggered by interband transition.

  Although the absorption arises from the high refractive index, the all-dielectric 

nanophotonics still represents one of the most promising alternatives to build efficient 

nanophotonic devices. This strategy offers a large variety of interesting optical effects 

that allows the realization of non-plasmonic metamaterials [82,83] and, at the same time 

promotes the realization of nanophotonic systems with good performance in both linear 
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and nonlinear regimes  [74,75,84 87]. To implement all these capabilities, materials with 

specific characteristics and mature fabrication processes are required, thus restricting the 

range of the application of this strategy. 

1.3 Plasmonics with transparent conductive oxides 

 The most significant difference between all-dielectric nanophotonics and 

plasmonics is the elimination of the metallic elements from the systems. In this way, we 

removed tout court all the drawbacks linked to the use of metals, but we also killed 

numerous key features that make plasmonics attractive in the first place. In order to 

benefit from the best properties of plasmonics, while reducing the most significant 

limitations, transparent conductive oxides have been proposed as an ideal replacement for 

noble metals. These materials, widely used in the fabrication of solar cells and touch 

screens, possess extraordinary properties that can strongly mitigate the limitation of 

plasmonic systems linked to the use of noble metals. 

 TCOs are characterised by their hybrid nature that stands between metals and 

dielectrics. These materials can be grown with a high concentration of doping without 

modifying the lattice structure, preserving the wide band gap typical of the dielectrics, 

and allowing at the same time a high density of electrons ( 1020 ) in the conduction 

band, which makes them conductive. The large concentration of free carriers moves the 

Fermi level into the conduction band, broadening the intrinsic band gap of the material 

according to the Moss-Burstein effect [88].  

 The large bandgap makes TCOs transparent in the visible range, while the high 

conductivity gives them the typical metal-like behaviours in the NIR wavelength range. 

Similarly to semiconductors, also in TCOs electric and optical properties can be 

manipulated by changing the doping concentrations during the fabrication processes, 

which are mature and very well established in the industrial environment. This capability 

turns to be of fundamental importance for engineering the material dielectric permittivity. 

For instance, by varying material stoichiometry and deposition parameters, we have the 

freedom to set the cross-over wavelength (i.e. where the real part of the permittivity 

crosses the zero) in a broad range that covers from the visible to the near-infrared, 

including fundamental telecom wavelengths of interest. There are many different 

techniques already available to grow TCOs thin films, such as sputtering, laser ablation, 

evaporation, chemical vapour deposition or solution processes [89], thus providing a wide 

range of possibilities to design new plasmonic devices [90,91]. Moreover, TCOs can even 
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be deposited on flexible polymer substrates [92,93] or functionalized with a broad variety 

of organic molecules. The latter characteristic is very useful to enhance the detection of 

biological species [94,95].  

 Several studies have highlighted the plasmonic properties of TCOs, demonstrating 

in TCO nanoparticles the presence of localised surface plasmons, whose resonance can 

be statically tuned in a broad wavelength window, ranging from the 1.6 µm to 2.2 µm 

[96]. As in the equivalent metal-based plasmonic structure, the optical response of the 

TCO-based systems can also be modified by varying size, shape or environment of the 

elementary constituents of the nanostructure. With these materials we can then reduce the 

limitations introduced by the use of noble metals and lower optical losses by two orders 

of magnitude. Quite recently, TCOs nanopatterning has been proved to be  a good 

replacement to metallic inclusion for metasurface applications without affecting their 

original functionalities [97]. 

 Many TCOs have been synthesized over the last decades, among these the most 

widely used are indium tin oxide (ITO), indium zinc oxide (IZO), fluorine tin oxide 

(FTO), gallium zinc oxide (GZO), aluminium zinc oxide (AZO), zinc tin oxide (ZTO), 

cadmium oxide (CdO), indium gallium zinc oxide (IGZO), and indium tin zirconium 

oxide (ITZO), just to name some of them.  ITO is undoubtedly the most used by industries 

and one of the first TCOs to be investigated for plasmonic applications. It has also been 

shown that AZO is particularly good for NIR applications (see fig. 1.4, where the complex 

dielectric permittivity is reported for different TCOs), due to their higher mobility and 

lower losses [3].   

 
Figure 1.4: a) Real and b) imaginary parts of dielectric function of AZO, GZO and ITO thin films. 
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 Because of its scarce availability in nature, the cost of indium results to be very 

high. In addition to this, indium sites are mostly located in East Asia making the cost of 

indium-based devices quite high for the European and North American market. Finally, 

indium is also toxic and require high deposition temperature (> 400ºC) to show good 

polycrystalline quality. All these considerations provide a justification for investing 

resources in searching for alternative TCOs. Among these alternatives AZO displays 

remarkable features that make it very attractive for its employment in the design of 

plasmonic components. Besides aluminium and zinc are very abundant in nature, AZO is 

also biocompatible, possesses outstanding piezo-electric, piezo-optic and pyroelectric 

properties, which confer to this material high versatility in the fabrication of devices with 

various functionalities [98,99]. 

 Recently, strong nonlinearities have been observed in AZO where subpicosecond 

interband transitions were excited by optical pulses. Interband nonlinearities are usually 

very slow in the sense that carrier recombination typically occurs on a temporal scale of 

several tens of picoseconds. However, ultra-fast recombination time was achieved thanks 

to an alternative fabrication method, which relies on an oxygen deprived deposition 

environment to promote the formation of oxygen vacancies (fig. 1.5a). As a consequence, 

the induced defects, besides providing extra free carriers, make available extra 

recombination channels that ultimately shorten the overall excitation dynamics by almost 

three orders of magnitude. For instance, in fig. 1.5b the normalized transient reflectivity 

of zinc oxide and aluminium zinc oxide thin films are reported as a function of the time 

delay between an optical pump and a probe [100,101]. 

 
Figure 1.5: a) AZO Structure grown by pulsed laser deposition in an oxygen deprived environment. The 
grow conditions introduce in the material structure a high concentration of defects, which represent centres 
of recombination of the electrons in conduction band. Thus, the large amount of defects reduces the 
recombination time of the free carriers, increasing the relaxation velocity of the material after intraband 
excitations. b) Transient relative variation of the reflection of two AZO grown by PLD in oxygen deprived 
conditions with different concentration of aluminium and of the zinc oxide (Original data from [101]).  
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As we can see, the recombination time for the oxygen deprived AZO films (AZO1 and 

AZO2) is drastically shorter than the one recorded from commercially purchased zinc 

oxide (ZnO). From the same plot, it is also interesting to notice how the change in the 

reflectivity is strongly enlarged when the probe wavelength falls within the ENZ window 

of the material (AZO1) (see therein consideration on optical nonlinearities in ENZ 

materials). 

 Because of the large density of carriers in the conduction band, TCOs also display 

strong and ultra-fast intraband transitions [102,103]. Since interband and intraband 

nonlinearities are comparable in magnitude and speed (when excited by pulses of about 

100 fs), it is possible to combine both excitations simultaneously, observing independent 

and algebraically summable nonlinear effects, as it will be well explained in chapter 4 

[104]. This unprecedented capability of control over the optical properties of the material 

also relies on the opportunity to exploit the benefits of the epsilon near zero regime, which 

is achieved in TCOs bulk system at telecom wavelengths, and where the nonlinear effects 

result to be remarkably enhanced [100,102,103]. This topic will be presented more in 

details along the subsequent sections.  

1.4 TCOs nonlinearities in epsilon-near-zero 

 Near-zero index photonics, which studies the light-matter interaction in a system 

with near-zero parameters, for instance, relative permittivity or permeability, has become 

an important paradigm in nanophotonics for the unique features and the broad set of 

applications provided. Systems exhibiting near zero parameters are classified by referring 

to their electromagnetic response at a given operational frequency, materials showing 

their real permittivity  or magnetic permeability  approaching zero are called epsilon-

near-zero and mu-near-zero, respectively. In these systems, by looking at the Maxwell 

curl equations in the absence of sources  and , where  

and  are the electric and magnetic field respectively, and  is the frequency; it emerges 

that the condition of near zero regime, where  and/or , can decouple the 

electric and magnetic field [105]. This capability is also followed by the stretching of the 

wavelength, resulting in a decoupling of spatial and temporal frequencies, thus allowing 

to access unconventional field dynamics. Light tunnelling through ultra-thin channels 

with arbitrary shapes (fig. 1.6), constant phase transmission and ultrafast phase 

transitions, are just a few examples of new exotic optical effects attainable in the ENZ 

regime [106,107]. 
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Figure 1.6: Sketch of the wavelength stretching in waveguide channel filled with epsilon near zero medium.

During the last few years, the field of epsilon-near-zero photonics has gained 

considerable attention also for another very important reason, the possibility of enhancing 

the nonlinear optical response of the materials by several orders of magnitude. Optical 

nonlinearities arise when an incident electromagnetic field is so intense to cause 

anharmonic oscillation of the electrons (see section 2.3). Nonlinear processes are of 

paramount importance in signal processing since they are the only way to have full control 

over the spectrum of propagating signals. However, in optics nonlinear effects are 

typically either too slow or too feeble to be of any practical use. However, when we 

operate in the ENZ regime the nonlinear effect is largely enhanced. This can be easily 

explained considering a given variation of the real permittivity  (for instance caused 

by photoexcitation), the resulting change in the refractive index  can be calculated for 

a lossless material as . It is easy to notice that when the permittivity 

large, suggesting that the ENZ regime 

causes the enlargement of the nonlinear optical properties of the material [103].  

In addition to this, phase matching is an essential condition to be achieved in 

nonlinear optics, it corresponds to the condition of momentum conservation and regulates 

the maximum efficiency of the nonlinear process. In ENZ media with nonlinear 

susceptibilities, an incident wave can propagate through the material with constant phase, 

thus relaxing the phase matching condition and allowing for the fields to build up 

coherently and then increasing the generation efficiency. For instance, four-wave mixing 

(FWM) processes with good conversion efficiency have been reported for fishnet 

metamaterials featuring a zero-index response at near-infrared frequencies [67]. In 

addition, Vezzoli et al. verified experimentally that, as a result of its high nonlinearity and 

near-zero refractive index, an ENZ thin film could operate as a time-reversing medium. 

When it was incident on a 500 nm thick AZO thin film, the probe beam was 
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simultaneously negatively refracted and reflected with conjugated phase, showing greater 

than -unit internal conversion efficiency [108].  

Two fundamental works explain the fundamental contribution of the ENZ regime 

to the enhancement of the nonlinear response in TCOs thin films. In [102], Caspani and 

co-workers underline the mechanism behind the enlargement of the  at ENZ 

wavelength, linking the nonlinear coefficient to the linear optical properties of the 

material. In particular, they show how the real part of the  features a clear peak at ENZ 

wavelength, where its imaginary part, directly linked to the nonlinear absorption 

coefficient , presents negative values. Moreover, as shown by Alam and collaborators 

in [103], the real part of the nonlinear index   in the ENZ region can be enormously 

enhanced (almost 2500 times) by changing the angle of incidence of the pumping 

excitation. Such behaviour can be explained by the enhancement of the electric field 

within the ENZ thin film, following the continuity of the normal electric displacement 

field across the TCO-air interface.  

 Another strategy generally used to enhance nonlinear processes is to increase the 

sample length, which generate an effect that is equivalent to slow light in a nonlinear 

medium. In a material at the ENZ wavelength, the group velocity is always c, thus 

increasing the nonlinear interaction time for optical signals  [109,110]. In practical 

devices, all the listed nonlinear effects can in principle be exploited to ensure that working 

with ENZ materials leads to huge nonlinearity to be used for efficient integrated devices. 

 Finally, slightly looking outside the realm of bulk nonlinearities, recently an 

emergent strategy has been proposed to maximize the effective intensity dependent index 

change related to the combination of the local field enhancement of nano-antennas 

resonant with the ENZ wavelength of an underlying TCOs thin layer. The recorded 

the antennas and the thin film, which induces unity-order refractive index change and a 

 coefficient almost 6 orders of magnitude higher than in silica glass [111]. 
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2. CHAPTER 2  THEORETICAL BACKGROUND 

 In the previous chapter I introduced TCOs as alternative metal-like materials for 

plasmonic applications, which also display high optical nonlinearities in the ENZ regime. 

Such nonlinearities can be triggered by interband or intraband electronic transitions, that 

change the density of the electronic density in conduction band. The variation of the 

permittivity is the direct consequence of this modification of the carrier concentration, as 

well explained by the Lorentz - Drude model. With regards to the material nonlinearities, 

these can be quantitatively evaluated, for a broad set of nonlinear phenomena, by using 

the higher order terms of the nonlinear susceptibility. In this chapter all these fundamental 

physical concepts and quantities, which are essential to understand the studies presented 

in my thesis, will be elucidated. In particular, the intensity dependent refractive index and 

the four-wave mixing process will receive particular attention. For the sake of 

completeness, the physical mechanisms behind the excitation of plasmonic modes will be 

briefly presented.  

2.1 The Dielectric permittivity and refractive index 

 Dielectric permittivity  and refractive index n are two of the most important 

parameters which describe the optical and electric response of the materials. The 

dielectric permittivity  defines the capability of a material in being polarized by an 

external electric field. When an electromagnetic field is traveling through a dielectric 

material it interacts with the medium polarizing its fundamental elements (atoms or 

molecules) which start oscillating at the same wave frequency of the driving field (linear 

case). In this process, the induced dipolar elements and the electric field of the light 

become coupled. 

If we consider a linear, nondispersive, homogeneous and isotropic medium, the electric 

displacement vector D and the material polarization vector P are related one to another 

through the following relationship: 

  (2.1.1) 

where  is the dielectric permittivity in vacuum and P is related to the electric field E by 

the equation ,  being (in this specific case) a scalar constant called electric 

susceptibility, which will be presented in the section 2.3. The material permittivity can be 

expressed in terms of relative permittivity  as: 
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  (2.1.2) 

From the classical description of the electromagnetic waves provided by Maxwell's 

equations, it is possible to demonstrate that the speed of light in the vacuum c is directly 

related to the dielectric constant  and the vacuum permeability  by: 

 
 (2.1.3) 

If the light propagates in a medium, equation (2.1.3) can be rewritten as  

  (2.1.4) 

where v is the speed of light in the medium and  is the permeability of the material. If 

we divide the equation (2.1.3) with the (2.1.4), we obtain 

  (2.1.5) 

where we have used the equation (2.1.2) and defined the relative permeability by the 

relation  where  is the relative permeability. The constant of 

proportionality  displayed in the equation (2.1.5) is a dimensionless quantity 

which describes how the light propagate through the medium and is called refractive 

index: 

  (2.1.6) 

Since many materials are non-magnetic at optical frequencies (i.e. ), we obtain 

that the refractive index is equal to the square root of the relative permittivity: 

  (2.1.7) 

If the material is lossy, to describe the optical behaviour of the system, we need to express 

the refractive index, as well as the permittivity, as complex quantities. In this sense, we 

can relate the real and imaginary part of the complex refractive index  to the real and 

imaginary part of the complex permittivity as follow: 

  (2.1.8) 

  (2.1.9) 

where ,  and . 
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2.1.1 The Lorentz - Drude model 

 Because TCOs are hybrid in nature, understanding light-matter interaction in 

these material systems requires to use models for describing the electronic behaviour in 

both dielectrics and metals. In dielectric materials, such us insulator or semiconductor, 

the electron interband transitions are responsible for the electric and optical behaviour-

These transitions can be taken into account by a classical Helmholtz-Drude model, that 

describes the dispersion of the permittivity. 

 This model starts from the electron analogy with a simple spring oscillator, 

where the elastic force, viscosity, and driving force are all taken into account. The 

correspondent equation of motion becomes: 

  (2.1.8) 

where r is the electron displacement while , , , and  are the oscillator mass, 

charge, characteristic resonance, and damping constant, respectively. Solving the 

equation (2.18) for a single oscillator leads to: 

  (2.1.9) 

Now, if we consider how the displacement of the single dipole is linked to the material 

polarization ( , where N is the overall number of dipoles) and if we also 

remember how the permittivity mediate the relationship between polarization P and 

electric field E ( ), we can deduce the correspondent permittivity 

dispersion as:   

  (2.1.10) 

When instead of a single oscillator we consider multiple bounded electron oscillators, the 

previous formula extends into: 

  (2.1.11) 

where ,  and  are the resonance frequency, the strength and the damping constant 

of the of the j-th resonant mode, respectively. The typical behaviour of  for dielectrics is 

showed in fig. 2.1a. In the plot, two resonances appear at the frequencies  and , 

representing the phonon resonance in mid-infrared and the interband electric transitions 

in the UV range, respectively. We note that, in the real part of dielectric function , 

two Lorentz line shapes arise in correspondence of the two resonances, where two distinct 

peaks appear for the imaginary part . On the other hand, between the two resonance 
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both  and  curves are mostly flat, with a negligible imaginary part, which 

indicates low losses. 

 

Figure 2.1: a) Real (blue curve) and imaginary part (dashed green curve) of the dielectric permittivity for 
dielectric material. Two Lorentzian line shapes appear in the real part of , in proximity of the two 
resonances, at  and , within the IR (red rectangle) and UV (violet rectangle  wavelength ranges, while 
the imaginary part shows two clear peaks at the same frequencies. b) Real (blue line) and imaginary (green 
line) part of the dielectric function for frequencies around the resonance.  

Looking at the curve of the real part of the dielectric function around one of the two 

resonances, we can notice large and positive values for frequencies lower than the 

resonance  and negative values when the frequency is slightly higher than the 

resonance . If we consider the equation (2.1.1), negative values for  indicate that the 

polarization  is directed in the opposite direction with respect to the electric field . 

Such behaviour can be illustrated with the mechanic analogue of the spring-mass 

oscillator. For frequencies far from the resonance,  is positive and approximatively 

constant, which means that the system can follow the driving force with no delay. For 

frequencies slightly lower than ,  increases positively. On the contrary, if 

 the dielectric function assumes negative values, resulting in an optical response that 

is opposite to the driving force. 

 Let us now give a look to the dielectric dispersion in metals. In this case we need 

to start from the model developed by Drude, which considers the free electrons gas of 

metals executing a diffusive motion [112]. If we assume the existence of an average 

relaxation time  that regulates the relaxation processes of the system to the equilibrium 

(i.e. the state with zero average momentum ) after an external field   is removed, 

the rate equation is: 

  (2.1.12) 

In the presence of an external electric field , the equation of motion becomes: 

  (2.1.13) 
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Since the current density is given by , with  being the electron density. 

With a DC field, the condition  we obtain a dc conductivity: 

  (2.1.14) 

If we apply a time-harmonic incident electric field, defined as , 

from the solution of the equation of motion: 

  (2.1.15) 

It is possible to work out the complex and frequency dependent conductivity as: 

  (2.1.16) 

At this point, considering the relation between the complex conductivity and permittivity 

we can obtain: 

  (2.1.17) 

where and  are the plasma frequency and the damping constant, respectively, which 

are defined by: 

  (2.1.18) 

The real and imaginary part of the complex permittivity can be made explicit by: 

  and  (2.1.19) 

Three different regimes can be distinguished for three different wavelength ranges: 

Hagen-Ruben regime, relaxation regime, and transparent regime. The Hagen-Rubens 

regime takes place under the condition , making the real part of the dielectric 

constant  negative and large. The second regime emerges for frequency between the 

scattering rate  and the plasma frequency, where the permittivity decrease with 

increasing the frequency. In the third regime, which rises for frequency ,  

become positive [112]. 

 The Drude model is an elegant way to calculate the dielectric function and 

describe the optical properties of the metals. However, since it assumes that the optical 

including the contribution from bound electrons involved in interband transitions, which 

are typical of the dielectric materials. These processes are taken into account with a 
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standard Lorentz term, as explained at the beginning of this section [112,113]. Therefore, 

the overall dielectric function contains both the terms related to the bound and free 

electrons: 

  (2.1.20) 

This dielectric dispersion is evaluated considering only one bounded oscillator. The 

situation is slightly different if one bounded dominant oscillator is taken into account 

together with the contribution of all the other oscillators at wavelengths much higher than 

their resonance wavelengths. In fact, the Lorentz contribution to the dielectric function is 

still relevant at wavelength much longer that the resonance wavelength. In this regime 

( ) the term  associated to the j-th bounded oscillator can be replaced with a 

constant term , which denotes the offset at long wavelengths. When the overall offset 

of multiple oscillators is taken into account, a term  is added to the Lorentz-

Drude model: 

  (2.1.21) 

 Such powerful model is widely used to describe the linear optical response of 

the system and can be very useful to investigate the nonlinear optical properties of 

dielectric materials. This task can be carried out by taking into account in the expression 

of the plasma frequency  the excess of carriers produced by the excitation [100].  

2.2 Plasmonics 

2.2.1 Surface plasmon polaritons 

 In the section 1.1.2 I briefly introduced the concepts of surface plasmon polaritons 

(SPP) and localized surface plasmons (LSP). Surface plasmon polaritons (SPPs) are 

electromagnetic modes associated to the collective oscillations of free electrons 

propagating along a metal-dielectric interface. One of the most renowned properties of 

the SPP modes is their ability to confine electromagnetic fields beyond the diffraction 

limit, enhancing at the same time the local field by several orders of magnitude. 

 SPP modes are generated at the interface between metal and dielectric, propagate 

perpendicularly to the propagation direction, and are represented by evanescent fields. To 

provide a description of the SPP properties, we have to start from the equation of the 

electromagnetic waves propagating in a nonmagnetic, isotropic and homogeneous 
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medium with permittivity . The wave equation for the electric field  is defined 

as: 

  (2.2.1) 

where  is the speed of light in vacuum. A plane-wave defined by 

 satisfies (2.2.1), where the vector k is called wavevector and sets both the 

direction of propagation and the dispersion relation for the electromagnetic wave since: 

  (2.2.2) 

In a two-dimensional system, the propagating waves is confined in the plane x-z (

). We can then write the electric field of a plane wave which is propagating in the half-

space for   as follow: 

  (2.2.3) 

with , .  We can infer from the equation (2.2.3) that in 

lossless dielectric media with , all plane waves can be distinguished between 

propagating (with ) and evanescent (with ) waves. The propagating 

waves have propagation direction depending on the real wavevector projections  and 

 and wavelength defined as . On the contrary, the evanescent waves 

propagate along the x-axis featuring , and are characterized by an 

exponential decay along the z-axis with a propagation length 

. The periodicity in the space of the evanescent waves are usually very small and 

correspond to very large components of the k vector. As an example, when a wave 

propagating inside a dielectric impinges at the dielectric/air interface at an angle which is 

larger than the critical angle, total internal reflection occurs and an evanescent wave can 

be formed at the interface. In fact, the boundary condition requires the conservation of 

the component  of the electric filed across the interface, leading to the formation of the 

evanescent wave, with  (fig. 2.2a): 

 (2.2.4) 

Contrary to the case of the dielectric interface, if we replace the dielectric material with 

metals ( ) there are no propagating waves, since the wave-number k is purely 

imaginary. 
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Figure 2.2: Sketch of the evanescent waves excited in dielectrics (a) by total internal reflection of light and 
in metals (b) at  angle of incidence. 

Then, a wave impinging to this new interface from air will generate evanescent waves as 

shown in fig. 2.2b, and this is valid for any angle of incidence: 

 (2.2.5) 

where  is the real permittivity of the metal, which is negative and generally very large, 

implying very short penetration depth, typically of the order of the nanometres [114].  

In a 2D system, plane waves can be divided into transvers magnetic (TM), or p-

polarized, waves and transverse electric (TE), or s-polarized, waves that are polarized in 

the propagation plane and perpendicular to the propagation plane, respectively. The 

continuity of the tangential components of the field across the interface in case of 

nonmagnetic media requires that the electric field of the TE wave must be continuous 

along with its lateral derivative ( ) across the interface. Such boundary conditions 

indicate that SPP modes cannot be s-polarized. On this basis, let us consider only p-

polarized waves is a system metal-dielectric with  for  and  for 

, as in fig. 2.3, where SPP modes are represented by evanescent waves as in (2.2.3) and 

(2.2.4). Since the tangential field components are continuous across the interface, the 

electric field of this mode can be defined as: 

  (2.2.6) 

 
 (2.2.7) 

where  and  are the amplitudes of the electric field components in the dielectric 

(metal), while  is the mode propagation constant which has to be calculated.  
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Figure 2.3: Sketch of intensity distribution and electromagnetic field components of a surface plasmon 

polariton supported by a metal-dielectric interface. 

, therefore the normal 

field components are related to the tangential one, following the relations: 

 
 

and 
 

(2.2.8) 

From the equation (2.30) and applying the boundary condition for the normal electric 

field components  it is possible to find the SPP dispersion relation: 

  (2.2.9) 

Such dispersion is plotted in fig. 2.4 together with the light line, the latter being the 

dispersionless line defining in the ( ) space guided from unguided modes. Fig 2.4 

shows that at low k, the SPP behaves as a photon whereas, as  increases, the dispersion 

relation bends over and reaches an asymptotic limit at the plasma frequency. Since the 

dispersion curve lies to the right of the light line, , the SPP has a shorter 

wavelength than free-space radiation such that the out-of-plane component of the SPP 

wavevector is purely imaginary and exhibits evanescent decay. The surface plasma 

frequency is the asymptote of this curve, and is given by , or 

 if . Since the square root of the equation (2.2.7 and 2.2.9) has to have a 

positive real part, we obtain:  

 and  (2.2.10) 

which are the condition for the existence of the SPP modes. These conditions are met in 

metal and dielectric between the longest wavelength of the visible and the infrared. The 
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SPP wavelength can be determined by the real part of constant propagation: 

 which is always smaller than the light wavelength in the dielectric: 

.  

 

Figure 2.4: Dispersion curve for surface plasmon polaritons. At low k, the surface plasmon curve (red) 
approaches the light line (blue). 

2.2.2 Surface plasmon resonances 

 Besides the SPP, it is also important to mention another kind of electron plasma 

excitation, which generally takes place in nanoparticles or on the imperfection of rough 

surfaces. In this case, we call localized surface plasmons that will be non-propagating 

resonant excitations of the electron plasma at the surface of metallic nanostructures 

immersed in a dielectric matrix. The curved surface entails an effective restoring force of 

the driven electrons, leading to resonances and field amplification inside and in the near-

field area outside the particle. Moreover, in presence of curved surfaces a direct light can 

excite resonances without requiring phase matching technique, in contrast with the SPP. 

In case of sub-wavelength particles, the localized plasmon has the character of a dipole, 

whose resonance falls into visible region for gold and silver nanoparticles. 

2.3 Nonlinear optical processes 

 Nonlinear optics is the branch of physics that studies light/matter interactions in 

which the material polarization responds nonlinearly to the electric field. The term 

sponse depends in a nonlinear manner on 

the strength of the optical field. In order to describe the nonlinear processes, we consider 
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the polarization P of a material and its dependence on the strength  of an optical 

electric field applied to the system. If the values of  is well below the atomic electric 

field (typically ), the induced polarization will depends linearly on the applied 

field, as defined by: 

  (2.3.1) 

where the  is the linear susceptibility and  is the vacuum permittivity. The equation 

(2.3.1) can be generalized expanding  as Taylor series: 

 
 

(2.3.2) 

where the quantities  and  are the second- and third-order nonlinear optical 

susceptibilities, respectively. For sake of simplicity, we are assuming  and  as 

scalar quantities, as well as  and , despite their tensorial nature, as will be shown 

later on. Here we assume that the polarization at a time t depends only on the 

instantaneous electric field strength and that the medium is lossless, isotropic, and 

dispersionless, according to the Kramers-Kronig relations. From equation (2.3.1), 

 is the second-order nonlinear polarization,  

the third-order nonlinear polarization, and so on and so forth. The term  is 

comparable in amplitude with the linear polarization  when the applied electric field 

 is of the same order of magnitude of the atomic field strength . From this 

consideration, it is possible to observe that, under nonresonant excitation, the second 

order susceptibility  is of the same order of the quantity , which is 

approximately  for the condensed matter. In a similar manner, one can 

also predict the nonlinear susceptibility of the third order , which will be of the same 

order of  [115]. It is important noticing that, if saturation 

behaviour occurs, then the power series expansion reported in the equation (2.3.2) does 

not converge and loose its validity. In all the other cases, we can describe the nonlinear 

optical phenomena using the (2.3.2). 

 Before presenting the most relevant nonlinear processes, it is important to divide 

refers to processes where the initial and final quantum-mechanical states are identical and 

the photon energy is conserved. As a consequence, the system is removed from the energy 

ground state only for an interval of the order of , according to the Heisenberg 

principle, where   is the difference between the 
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energy of the ground state and the excited state. A parametric process is described by a 

real susceptibility, whereas a nonparametric process can be described only by a complex 

susceptibility. Along the next two sections, second- and third-order nonlinear processes 

will be described, being by far the most studied nonlinear interactions. For instance, third-

order processes are at the centre of the present thesis. 

2.3.1 Second-order nonlinear processes 

 Let us consider two optical fields with two distinct frequency components  and 

 interacting in a second-order nonlinear optical medium ( ): 

  (2.3.3) 

The correspondent nonlinear polarization  can be written, according with the 

(2.3.2), as 

 

 

(2.3.4) 

where the summation extends over positive and negative frequencies . In the (2.3.5) 

we can distinguish the complex amplitudes of each frequency components of : 

   (SHG) (2.3.5) 

    (SHG) (2.3.6) 

   (SFG) (2.3.7) 

   (DFG) (2.3.8) 

   (OR) (2.3.9) 

Each term indicates a different second-order nonlinear process, here labelled as it follows: 

Second-Harmonic Generation (SHG), Sum-Frequency Generation (SFG), Difference-

Frequency Generation (DFG), Optical Rectification (OR). Usually, only one among these 

four nonlinear processes takes place generating any radiation with appreciable intensity, 

because of the phase-matching condition, 

for every process. We remind that the phase matching condition correspond to the 

condition of momentum conservation which is necessary to attain an efficient nonlinear 

process. 
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 The term indicated in equation (2.3.5) and (2.3.6) represents the contribution with 

frequency , which states that a portion of the incident beam at frequency  can be 

converted in a radiation having frequency equal to . This process is known as second-

harmonic generation and can be interpreted as an interaction in which two photons of 

frequency  are annihilated and one of frequency  is simultaneously created (fig. 

2.5a). 

 Sum-frequency generation is represented by the term displayed in equation 

(2.3.7). In this process two photons of frequencies  and , interacting in a second-

order nonlinear material, are converted in a new photon with frequency  (fig. 

2.5b). Similarly, in the difference-frequency generation two photons of frequencies  

and  are converted in a new photon having frequency  (fig. 2.5c). Generally, 

SFG can be exploited to produce tunable radiation, for instance, in the ultraviolet or 

visible wavelength range, keeping one of the two sources at a fixed frequency and tuning 

the other one. Comparing the energy-level diagram displayed in fig. 4b and 4c we can 

notice a significant difference between the SFG and the DFG. In the DFG, the energy 

conservation requires that each photon of frequency  is destroyed and two photons of 

frequency  and  are created, where . In other words, the lower input 

frequency is amplified by the nonlinear process, which for this reason will be also called 

optical parametric amplification. The same process can also happen spontaneously, 

without applying photons of frequency , but with much weaker electric field produced. 

Finally, the contribution to  reported in equation (2.3.9) does not lead to the 

generation of electromagnetic radiation (because its second time derivative vanishes). 

Indeed, it leads to a process known as optical rectification, in which a static electric field 

is created across the nonlinear crystal.  

 
Figure 2.5 a) Second-harmonic generation, b) sum-frequency generation, c) difference-frequency 
generation. Geometry of the interaction and energy-level description. 
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2.3.2 Third-order nonlinear processes 

 Let us consider now the third-order contribution to the nonlinear polarization 

 

  (2.3.10) 

induced by an applied filed  made out of three different frequency components , 

 and  as it follows:  

  (2.3.11) 

while the nonlinear polarization can be written as 

  (2.3.12) 

We can identify and separate the complex amplitudes of  for each frequencies as 

 

 

 

 

(2.3.13) 

 ,   (2.3.14) 

 

 

 

 

 

(2.3.15) 

 

 

 

 

 

 

 

 

 

 

 

 

(2.3.16) 
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Figure 2.6: a) Third-harmonic generation; b) one of the possible mixing processes described by the 

equations (2.3.16) that can occur when three input waves interact in a third-order nonlinear medium 

Similar to the second-order nonlienarity, we can link every contribution to a different 

nonlinear process: the equations (2.3.15) and (2.3.16) lead to sum- and difference-

frequency generation (fig. 2.6a), whereas the equations (2.3.14) describe the Third-

Harmonic Generation process (THG). In analogy with the SHG, in THG three photons 

of equal frequency  are converted in a new photon of frequency  (fig. 2.6b). 

 The nonlinear processes described above do not modify the energy state of the 

system, then can be considered parametric processes. For the sake of completeness, we 

should also mention the three most important nonparametric processes: saturable 

absorption, two-photon absorption, and stimulated Raman scattering. Saturable 

absorption is the nonlinear effect observed in materials whose absorption coefficient 

decreases increasing the laser intensity. The dependence of the absorption  on the 

radiation intensity  in this class of materials can be expressed as , 

where  is the absorption coefficient at low intensity and  is a parameter known as 

saturation intensity [115]. The second mentioned process is the two-photon absorption, 

in which an atom is involved in a transition process from its ground state to an excited 

state by a simultaneous absorption of two photons. This phenomenon can be exploited in 

spectroscopy to determine the positions of energy levels that are not linked to the atomic 

ground state by a simple one-photon transition. Finally, the stimulated Raman scattering 

is a physical process where a photon of frequency  is destroyed and a photon at the 

shifted frequency , leaving the system in the excited state of energy . 
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2.4 Nonlinear susceptibility 

 The definition of the nonlinear processes provided so far relies on the assumption 

that the material involved in the interaction was dispersionless and lossless. In order to 

provide a more general description, it is necessary to redefine the nonlinear susceptibility 

and the electric field amplitude as a complex quantities. Considering the electric field 

vector of the optical wave as the discrete sum of a number n of frequency component  

as: 

  (2.4.1) 

with 

  (2.4.2) 

  (2.4.3) 

where  is the slowly varying field amplitude, while the prime on the summation sign 

indicates the sum is only over the positive frequencies. If we use the alternative notation 

   
(2.4.4) 

 

we can rewrite the (2.4.1) as: 

  (2.4.5) 

Similarly, we can define the nonlinear polarization as: 

  (2.4.6) 

We can now introduce the components of the second-order susceptibility tensor 

 as constants of proportionality between the complex amplitude 

of the polarization components  and the field amplitudes: 

  (2.4.7) 

The indices ijk are related to the field Cartesian components, while  indicates that 

the summation over n and m is performed with  held fixed. If we consider the 
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case of the sum-frequency generation, assuming the input fields with frequencies ,  

and , we can write the nonlinear polarization  as: 

  (2.4.8) 

where we have also assumed that the nonlinear susceptibility has intrinsic permutation 

symmetry. If  we have  and equation (2.4.8) becomes: 

  (2.4.9) 

that represents the case of second-harmonic generation. We can notice that the equations 

(2.4.8) and (2.5.9) differ for a multiplicative factor of 2, related to the fact that the 

nonlinear polarization produced by two distinct electric field is expected to be larger than 

that produced by a single field. To further generalize the (2.4.7), in order to take into 

account all the possible distinct permutation mn, we can write: 

  (2.4.10) 

with  a degeneracy factor which is equal to the number of permutations of all the applied 

field frequencies  and . From the (2.4.10) we can also determine the polarization 

for the higher-order interactions and susceptibilities. In this sense, the third-order 

polarization can be defined as: 

 

(2.4.11) 

  

It is important to point out that the nonlinear susceptibility tensor possesses numerous 

symmetry properties, which deal with both physical properties of the polarization vector 

and the crystallographic structure of the nonlinear material under analysis. All these 

symmetries together can largely simplify the nonlinear investigation of the material 

properties by reducing the number of variables (tentorial elements) for a given problem. 

2.4.1 Nonlinear susceptibility of a classical anharmonic oscillator 

 The nonlinear susceptibility can be described by the Lorentz model of the atom, 

which is assumed as a harmonic oscillator where a nonlinear restoring force is applied on 

the electron. However, it is important noticing that in this method it is possible to ascribe 

only one resonance frequency to each atom. Despite of this limitation, the model still 
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provides a good description for all those cases where the optical frequencies are much 

smaller than the lowest resonance frequency of the system.  

 It will be also shown how a medium can display a second-order nonlinearity only 

if it does not possess inversion symmetry, in other words, if the nonlinear medium is 

noncentrosymmetric. If we consider the equation of the motion of the electron position x:  

  (2.4.12) 

where e is the charge of the electron,  is the dipole damping rate, and the term  

is the damping force. Here, the restoring force is given by: 

  (2.4.13) 

where a is a parameter linked to the strength of the nonlinearity [115]. It can be 

demonstrated that  correspond to a potential energy function of form: 

  (2.4.14) 

In the equation (2.4.14) the first term represent a harmonic potential and the second one 

to an anharmonic correction. The potential shown in equation (2.4.14) describes the 

general case of a noncentrosymmetric media, where  (fig. 2.7a). Taking 

an optical field of the form  , we can solve the equation 

2.4.12 by means of perturbation expansion. The application of this method is valid only 

under the assumption that the applied field is sufficiently weak, which means that the 

nonlinear contribute  will be much smaller than the linear term . If we introduce 

 as an expansion parameter with value between 0 and 1, we can rewrite the (2.4.12): 

  (2.4.15) 

which has solution of the form: 

  (2.4.16) 

Every term  proportional to  in (2.4.16) must satisfy the equation (2.4.15) 

separately, in order to be a solution for any . On these bases, we obtain the following 

equations: 

  (2.4.17) 

  (2.4.18) 

 
 (2.4.19) 
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We can notice that the equation (2.4.17) has the same form of the Lorentz model and its 

steady-state solution is given by: 

  (2.4.20) 

with 

  (2.4.21) 

defining the complex denominator function : 

  (2.4.22) 

Substituting the equation (2.4.20) in the (2.4.18), we can calculate the lowest-order 

correction term . From the square of  we obtain 9 different cases for 9 different 

frequencies: , , , , and 0. Considering, for instance, 

the response at the frequency , it is possible to find the solution solving the equation: 

  (2.4.23) 

which has steady-state solution of the form:  

  (2.4.24) 

If we replace the equation (2.4.24) in the (2.4.23), we obtain: 

  (2.4.25) 

In the same manner, we can find the expressions for the other frequencies. 

Now we can use our results to find the linear and nonlinear susceptibilities. Since 

the linear polarization can be written as: 

  (2.4.26) 

and:  

  (2.4.27) 

where N is the number density of the atoms. Using the equations (2.4.26) and (2.4.27), 

we can find the linear susceptibility : 

  (2.4.28) 
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Figure 2.7: Potential energy function for a noncentrosymmetric (a) and centrosymmetric (b) medium. 

In a similar manner we can also calculate the nonlinear susceptibility of the second order. 

For the frequency , that represents second-harmonic generation, the  will be: 

  (2.4.29) 

which can be also related to the : 

  (2.4.30) 

For the case of the sum- and difference-frequency generation, we will obtain: 

  (2.4.31) 

  (2.4.32) 

If we now repeat the same analysis using the solution showed in equation (2.4.19), it is 

possible to find the expression for the third-order nonlinear susceptibility , while, 

taking into account also the terms proportional to  in the expansion introduced in the 

equation (2.4.16), we can calculate all the other higher-order nonlinear terms of the 

susceptibility. 

 The same analysis just presented above can be followed to describe the nonlinear 

susceptibility for a centrosymmetric material, this time assuming a new restoring force: 

  (2.4.33) 

with b a parameter that indicates the strength of the nonlinearity. As a consequence, we 

will obtain also a new potential energy function: 

  (2.4.34) 
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which is symmetric under the operation , as shown in fig. 2.7b, contrary to the 

potential used for a noncentrosymmetric crystal. The contribution  is the lowest-

order correction to the parabolic potential expressed by the term , however, 

in our calculation we assume that the electronic displacement x is never so high to require 

the inclusion of the higher-order terms in the potential. If the medium is also isotropic (as 

the case of glasses and liquids), the restoring force will have form 

  (2.4.35) 

where  is a vector, as well as the displacement r, while the equation of motion 

for the electron not at the equilibrium and the applied electric field are, respectively: 

  (2.4.36) 

  (2.4.37) 

We want seek the solution for the equation (2.4.36) of the form:  

  (2.4.38) 

Solving the latter equation for  (where ) , we can describe the linear 

and nonlinear response of the system. Similarly for the noncentrosymmetric case, the 

polarization for a frequency  can be written as 

  (2.4.39) 

whose Cartesian components are 

   (2.4.40) 

Therefore, from the equation (2.4.40), we can define the linear susceptibility as 

  (2.4.41) 

where  is the Kronecker delta, which has value equal to 1 if  and 0 if , while 

the term  is the same of that defined in the equation (2.4.22). 

 Contrary to the noncentrosymmetric case, the solution for the second-order term 

of the equation (2.4.38) results to vanish. Therefore, centrosymmetric media cannot 

display a second-order nonlinearity. On the other hand, the third-order term has nonzero 

solution, which means that the  can be evaluated as: 
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  (2.4.42) 

It is important to notice that the third-order susceptibility can be linked to the linear 

susceptibility for the frequencies , , , and , starting from the equation (2.4.42) 

and (2.4.28): 

 

(2.4.43) 

   

2.4.2 Empirical rules 

 In the previous section we saw that nonlinear susceptibility of the second-order of 

a noncentrosymmetric medium can be expressed as a function of the linear susceptibility, 

as showed in the equation (2.4.29). Moreover, from the equation: 

  (2.4.44) 

we can also notice that the ratio between the  and the  is nearly constant in all the 

noncentrosymmetric crystals, being  the number density, which is reasonably constant 

in condensed matter,  and  the charge and the mass of the electron, respectively and 

 the constant of the permittivity in the vacuum. The strength of the restoring force a can 

be evaluated considering that the linear and nonlinear contribution to the restoring force, 

defined in the equation (2.4.13), are supposed to be equal when the displacement x of the 

electron from its equilibrium position is approximately the atomic distance d: 

  (2.4.45) 

With  and d approximately the same in most of the solid, also the quantity a will be 

generally equal for the majority of the material in which it assumes nonzero values for 

symmetry reasons. Therefore, we expect to be able to predict the behaviour of the second-

order nonlinear susceptibility by knowing the linear susceptibility and also under highly 

nonresonant conditions. This property was noticed for the first time by Miller [116] and 

have been successfully used for over 40 years for a wide range of materials [115]. The 

so-called  can be also generalized for the third-order susceptibility, taking 

the form: 

 
 (2.4.46) 
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in which we have defined  and A is a frequency-independent quantity 

nearly equal for all materials. However, it has been demonstrated that this generalization 

is valid only for materials such as ionic crystals [117]. 

 In order to provide a more general model, Wang proposed a different relation, as 

shown in equation (2.4.47) [118]: 

  (2.4.47) 

where ,  is the product of the molecular number density N 

with the oscillator strength f,  is an average transition frequency, and  is a 

dimensionless parameter of the order of the unity which is assumed to be roughly the 

same for all the materials. In his work, Wang reports that predictions obtained by using 

the equation (2.4.47) are accurate for both ionic crystals and low-pressure gases. 

 It worth mentioning that other empirical formulas have been proposed later in 

literature, such as the models of Boling, Glass and Owyoung [115], whose presentation 

goes beyond the purposes of the present thesis and for this reason they will not be treated.   

2.5 Intensity-dependent refractive index  

 One of the most technologically relevant effect in nonlinear optics is the refractive 

index change induced by an intense optical excitation. In the present section, it will be 

shown how this intensity dependent refractive index change is linked to the third-order 

nonlinear susceptibility .  

 For beam intensities above a certain material threshold, the overall refractive 

index  depends on the intensity of the propagating wave and it can be separated in two 

fundamental components as it follows:  

  (2.5.1) 

where  is the so-called nonlinear Kerr coefficient, which is a constant of proportionality 

between the beam intensity, and the induced variation of the linear refractive index  

(this being the refractive index of the material at low intensity).  Now, we want to describe 

the nonlinear response of the system in terms of nonlinear polarization  for the case 

of a strong electric field at the frequency  affecting the polarization related to an 

optical signal of weak intensity and frequency : 

 (2.5.2) 
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For the sake of simplicity, here we are assuming that the light is linearly polarized and 

that we are suppressing the tensor indices of . Note the degeneracy factor 6 instead 

of 3: if we consider the case in which two separate beams are used to measure the 

intensity-dependent refractive index (e.g. in the case of a pump and probe configuration), 

we have to take into account the contribution of two different electric fields. As long as 

the pump and probe beams are distinguishable (e.g., in angle), we have a factor 6 even if 

. Using the equation (2.5.2), we can find the expression for the total polarization: 

 

(2.5.3) 
 

 

 

From the last passage we can define an overall effective dielectric permittivity as: 

 
(2.5.4) 

 

the formula of the intensity , where  is 

the real part of the complex refractive index experienced by the pump beam, as calculated 

from the time average integral of the Poynting vector [115]. Since the relation between 

the refractive index and the susceptibility  is valid and using the equation 

(2.5.1), we can write the following mathematical passages: 

  

(2.5.5)  

At first order in we have: 

 

(2.5.6)  

 

Considering only the terms of order , we notice that the linear and nonlinear 

refractive indices can be linked to the linear and nonlinear susceptibilities by the relations: 

  (2.5.7) 
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(2.5.8) 
 

 

 

Sometimes it is also convenient to separate the complex nonlinear Kerr coefficient in its 

real and imaginary part as it follows (2.5.8) [119]: 

  (2.5.9) 

  (2.5.10) 

where  are the real and imaginary part of the linear refractive index at the frequency 

of the weak probe,  and  are the real and the imaginary part of the nonlinear 

susceptivility of the third order, respectively, and the parameter D is defined as 

. In the approximation of ,  and  depends on 

the two quantities  and , which for our convenience we will call 

enhancement factors. In fig. 2.8 we plot these factors starting from experimental data 

collected from a 900 nm-thick AZO sample with ENZ wavelength at about 1360 nm.  

 

Figure 2.8: a, b) Trend of the enhancement factors  and for a specimen whose 
ENZ wavelength is at 1360 nm. 

From these plots we notice that the enhancement factor for the  displays a peak around 

the ENZ wavelength (fig. 2.8a), while the factor for , besides featuring a change of 

sign in the ENZ region, becomes very small at the cross-over wavelength (fig. 2.8b). All 

this clearly implies that a probe beam set at about the cross-over wavelength of our 

material will experience a remarkably enhanced   and a small  [102,103]. The latter 

fact leads to a very much reduced nonlinear absorption  since: 
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   (2.5.11) 

where  is the wavelength of the probe beam.  

2.6 Four-wave mixing 

 We have previously seen in the section 2.4.1 that the material optical nonlinearity, 

when excited by an intense laser field, can polarize the medium generating new frequency 

components not present in the incident field [115]. In the four-wave mixing processes the 

nonlinear effect is mediated by the third order susceptibility . In this regard, the 

nonlinear polarization term of interest is: 

  (2.6.1) 

where  is the applied electric field and  is the induced nonlinear polarization. If we 

consider four electromagnetic waves with frequencies  ,  and , all of them for 

simplicity linearly polarized along the axis . We can write the total electric field as 

follow: 

  (2.6.2) 

assuming that all the four waves propagate in the same direction and with propagation 

constant where  is the refractive index of the j-th wave . By 

substituting the equation (2.6.2) into the (2.6.1), we obtain the equation of the nonlinear 

polarization in the form: 

  (2.6.3) 

Note that the  terms always involve the product of the three electric fields. For instance, 

 is expressed by the relation: 

 

 
(2.6.4) 

where we have defined  

 
 

(2.6.5) 

 

In the equations (2.6.4) we note that the first four terms in  are linked to self-phase 

modulation and cross-phase modulation processes, while the remaining terms are related 

to FWM. The magnitude of the contribution of each of these third-order processes on the 
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phase mismatch between the field  and  governed by the term  and . In this 

regard, FWM takes place significantly only if the phase mismatch is very low, entailing 

the match of the frequencies and wavevectors involved. The latter condition is commonly 

referred to as phase matching condition [120]. 

 Two different types of FMW can be recognised from the equation (2.6.4) and can 

be distinguished by  and . Terms containing  represent the case of three photons 

annihilated to generate a single photon with frequency , as in the 

third-harmonic generation ( ) or frequency conversion ( ). 

Terms containing  are linked to processes in which two photons of frequencies  and 

 are converted in other new two photons with frequencies  and , following the 

principle of energy conservation: 

  (2.6.6) 

In this process, the phase matching, which correspond to the condition of momentum 

conservation, implies that: 

 
 

(2.6.7) 

At this point, we should recall that the problem of fulfilling the condition of phase 

matching deals with the dispersive nature of matter. This is imposed by the fact that at 

optical frequencies the bounded electrons participating to the nonlinear process cannot 

follow the electric field. Because of this, the polarization vector should be evaluated not 

just by considering the instantaneous electromagnetic field but rather all the E values at 

past times, according to: 

 
 (2.6.8) 

In the frequency domain, the previous convolution integral becomes: 

  (2.6.9) 

thus revealing that dispersion is an unavoidable fact which is due to causality between P 

and E. The condition  is often hard to obtain. For example, for the case of third-

harmonic generation, the condition of perfect phase matching would be fulfilled if 

  (2.6.10) 

which cannot be achieved. In order to overcome this problem, the most common 

procedure consists in the use of birefringent materials, whose refractive index depends on 

the direction of polarization of the waves.  
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3. CHAPTER 3  EXPERIMENTAL TECHNIQUES AND 

METHODS 

 In this chapter I will describe the fundamental features of the samples under study 

and I will present the experimental techniques employed to characterize the linear and 

nonlinear optical properties of TCO thin films and TCO-based nanophotonic devices. My 

study started from the material characterization and ended with the evaluation of the 

performance of tunable nanocavities with an embedded nonlinear layer of gallium zinc 

oxide. My experimental targets encompassed numerous tasks of material 

characterization, including the evaluation of the complex refractive index, third order 

susceptibility, and nonlinear Kerr coefficient. As it will be explained in this chapter, all 

these fundamental quantities where measured starting from the acquisition of the material 

transient transmissivity and reflectivity. All these measurements pertain the photocarrier 

dynamics which has been recorded by means of pump and probe techniques [100,102, 

104]. Because of the multilayer structure of our samples the overall reflection and 

transmission coefficient of the stack were estimated by using the transfer matrix method.  

3.1 Sample structure and fabrication 

3.1.1 AZO thin film 

The nonlinear optical response of TCOs was studied mainly employed 900 nm-

thick aluminium zinc oxides grown on a fused silica glasses of  1 mm of thickness (fig. 

3.1a) and with an aluminium doping concentration of 2%. The thin film was grown by 

pulsed laser deposition (PVD Products, Inc.) using a target of AZO ablated by a 248 nm 

KrF excimer laser (Lambda Physik GmbH) [121,122]. In our specific case, the deposition 

additional free carriers from the oxygen vacancies. The produced sample displayed 

damage threshold at almost 2  for an optical signal at a wavelength of 787 nm 

3.1.2 ITO thin film 

To compare nonlinear responses of different types of TCOs, in my experimental 

study I also employed a thin film of indium tin oxide. The sample was a commercially 

available ITO film sold by Präzisions Glas & Optik GmbH and presented sheet resistance 

of . The thin film was 310 nm-thick deposited on a substrate of float glass 

of 1.1 mm of thickness (fig. 3.1b). 



46 
 

 

Figure 3.1: a) Sketch of the specimen of 900 nm-thick AZO thin film employed during the experimental 
activities. The AZO layer was grown on a silica glass of about 1 mm. b) Representations the ITO thin film 
used for comparison purposes. The 310 nm-thick layer was deposited on a 1.1 mm-thick of silica lime. 

3.1.3 Tunable nanocavity 

 The structure of the nanocavity under investigation is depicted in fig. 3.2a. The 

cavity was based on a typical metal-insulator-metal configuration, with two reflecting 

silver mirrors separated by two layers of 205 nm-thick and 25 nm-thick alumina (Al2O3) 

and a 70nm thick GZO layer. In order to support resonances, nanocavities must fulfil the 

condition , where  is the refractive index of the dielectric spacer, 

 is the reflection phase-shift acquired upon mirror reflection, and  is the effective 

wavelength. By introducing into the cavity a TCO layer with its ENZ wavelength in the 

NIR, the mode resonances can be modulated inducing a change of the GZO refractive 

index  by intraband pumping. The resulting resonance shift can be calculated as 

, where  is the thickness of the GZO layer. 

 The device structure was designed in order to sustain a NIR resonance around 

the ENZ wavelength of the GZO film, by choosing the thickness of silver, aluminium 

oxide and GZO set at 24, 230, and 70 nm, respectively. The bottom 25 nm-thick alumina 

spacer was included between the bottom mirror and the GZO to maximize the overlap of 

the internal electric field and the GZO. High transmission signal at the NIR resonance 

was obtained optimizing the filling ration between of GZO to alumina. An additional 

static control over the resonant wavelengths was attained with the inclusion of Ag 

metasurface without varying the dimension of the system. The sketch of the 

nanostructured nanocavity is depicted in the inset of fig. 3.2b. In this configuration the 

resonance condition is modified as , where  is the 

additional shift due to the metasurface [123]. The term  depends on the lateral 

dimension of the metasurface, providing a supplementary degree of freedom for 

controlling resonance wavelengths. 
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Figure 3.2: a) Schematic illustration of the GZO embedded Fabry-Perot cavity. The nanodevice is 
composed of two silver mirrors with thickness of 24 nm, two layers of alumina (Al2O3) of thickness 205 
nm and 25 nm, and a 70 nm-thick layer of GZO. Here the reflection phase-shift of the silver mirrors ( ) 
and cavity ( ) are also indicated together with the resonance spectral shift  
induced by the pump illumination. b) Transmissions of four nanocavities with different structures obtained 
by ellipsometry. Dev1 standard nanocavity (cyan line); dev2 (orange line) nanocavity with 65 nm-wide Ag 
grating which periodicity is 125 nm; dev3 (yellow line) nanocavity with 70 nm-thick GZO film; dev4 (violet 
line) nanocavity with both GZO thin film and grating, the latter organized as in dev2. The spectral range of 
the probe tunability is delimited by the dashed rectangle.  

 Four nanocavities were designed and fabricated, presenting different layouts and 

characteristics. In fig. 3.2b it is shown the cavity without the GZO layer (dev1, cyan line) 

displaying a first-order Fabry-Perot resonance at 1010 nm, while introducing a 70 nm-

thick GZO the same resonance results to be red-shifted to the wavelength 1160 nm (dev3, 

yellow line), due to overall increase of the cavity thickness. In order to compensate the 

150 nm resonance shift between the cavity dev1 and dev3, it was introduced into the same 

structure of dev1 a metasurface with width and periodicity of 65 nm and 125 nm, 

respectively (dev2, orange line).  

Designed nanocavities were fabricated depositing 25 nm-thick Ag film and 25 

nm-thick alumina film on four silica substrates by means of electron beam vapour 

deposition. Two active nano-cavities (dev3 and dev4) were realized growing a 70 nm 

thick GZO layer by pulsed laser deposition (PVD Products, Inc.). For the cavities in dev2 

and dev4 the Ag nanostructures were prepared by e-beam lithography and lift-off. For all 

four samples, 800 nm thick layer of Al2O3 was deposited and etched down to a thickness 

of 205 nm. Finally, 24 nm thick silver film was deposited as top mirror layer, together 

with a protective 30nm-thick alumina. All samples were fabricated at the same time to 

achieve uniformity of the surface condition and thickness for the single components of 

the nanodevice. 
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3.2 The pump and probe technique 

 Time-resolved spectroscopy is one of the most important investigative technique 

to unveil ultra-fast phenomena in chemistry, solid-state physics and biology. Within this 

domain, the most fundamental set-up configuration is the so-called pump and probe 

technique [124], which is schematically illustrated in fig. 3.3a. An ultrafast and highly 

intense pulse impinges upon a material, thus inducing a time variation on a specific 

physical quantity P of interest: 

  (3.1.1) 

where  is the initial value of P at  ( being the instant at which the pump pulse 

arrives upon the sample) and  is the change in P at the time t caused by the pump. A 

second pulse with energy low enough not to generate any appreciable variation of the 

material properties, reaches the specimen with a time delay . By detecting the 

probe pulse after the interaction with the material at different , it is possible to monitor 

the temporal dynamic  (fig. 3.3b). The measured material response can then be 

analysed by employing a physical model that relate  to the electron dynamics. 

Figure 3.3: a) Sketch of a pump and probe setup for time-resolved spectroscopy. A high energy and ultrafast 
pulse (the pump) induces a variation of the sample property P with time delay  with respect to a low 
energy and ultrafast pulse (the probe), which interacts with the sample without changing its properties. By 
detecting the probe for different delay  it is possible to monitor the variation of the material property 

 caused by the pump pulse. b) Normalized transient transmissivity of a weak probe at =1300 nm 
through a 300 nm-thick ITO thin film under IR pumping as a function of the delay  between the pump 
and the probe signal.  

A pump and probe setup gives the opportunity to investigate several material 

characteristics. Few examples are: 

 Transmissivity and Reflectivity measurements: they can give information 

about the transient optical behaviour of the material under photoexcitation. For 

instance, dynamic absorption and time relaxation of the photoexcited energy state 

can be determined [125 127]. 



49 
 

 Fluorescence measurements: they are used to study the occupation of the energy 

states, sometimes monitoring the intensity of the light generated by nonlinear 

processes as in the case of sum frequency generation gated by the short probe 

pulse [115]. 

 Refractive index: its variation can be measured by evaluating the focusing or 

deflection of the probe beam [128]. 

 Dichroism and birefringence: in some cases, the absorption and the refractive 

index induced by a polarized pump beam can be anisotropic, resulting in 

dichroism and birefringence, respectively [129,130]. This behaviour can be 

exploited to retrieve information on the anisotropic orientation of the molecules 

or other material characteristics. 

All these different cases require a specific experimental configuration, which can be 

degenerate, if pump and probe photons have the same energy, or non-degenerate 

otherwise. A typical geometry employed in a degenerate pump and probe setup is showed 

in fig. 3.4a, where the variation of the material property under study is monitored 

measuring the probe transmitted by the sample. The beam produced by a laser source is 

split in a high intensity beam and its low intensity replica. These two optical beams, which 

represent the pump and the probe signals, respectively, have a time delay , which can 

be varied using a translation stage placed in one of the two arms. The two beams are 

typically almost collinear forming an angle that is less than  one from another, while 

the pump signal is set orthogonal to the sample surface. The variation of the material 

property induced by the pump is measured by acquiring the transmitted probe signal as a 

function of the time delay . Sometimes, the signal to be measured (i.e. the induced 

variation in the targeted property) is comparable or even lower than the background noise.  

In these cases, in order to increase the signal/noise ratio, a lock-in amplifier in 

combination with an optical chopper is typically used. The chopper marks with its 

reference frequency the pump signal and ultimately the signal to be measured, while the 

lock-in filters out everything that is not modulated at the reference frequency. In this way, 

even extremely small change can be detected. 

 The non-degenerate pump-probe setup represented in fig. 3.4b works in a very 

similar manner, with the main difference being that the pump and the probe pulses are 

typically produced by two different laser sources. However, another viable solution is to 

use a single source where the beam is split into two.  Then the wavelength of one of the 

two beams can be subsequently tuned by exploiting frequency conversion processes, 

including second- and third-harmonic generation, optical parametric amplification, and 



50 
 

other nonlinear effects. In this configuration, the transmitted signal is collected by a 

spectrometer rather than a simple photodiode. 

 

Figure 3.4: a) Representation of a degenerate pump and probe setup. The beam produced by a laser source 
is divided by a beam splitter (BS) in the pump and the probe branches. The pulses of the pump and the 
probe are identical, while the intensity of the pump is much higher than the intensity of the probe. Chopper 
and lock-in can be used to select the variation of the probe transmitted by the sample and induced by the 
pump, while a variable stage is used to vary the delay . b) Representation of a non-degenerate pump and 
probe setup. The pump and the probe beam are produced by two different laser source and usually possess 
different characteristics. As in the degenerate case, the pump intensity is much higher than the probe 
intensity, while the variation of the quantity to measure is revealed by measuring the transmitted probe 
signal, sometimes opportunely amplified by employing a chopper and a lock-in.  

 A particular configuration of the non-degenerate case is the two-colour setup, 

where two pumps at different frequencies are employed for both independent and 

simultaneous excitation at different optical regimes (e.g. interband or intraband). This 

configuration is particularly relevant for the main set of results reported in Chapter 4 

section 4.2, where dielectric and metallic nonlinearities in TCOs are described. 

 In many pump and probe measurements the detectors have a slow time response 

if compared to the dynamic of the studied effect, resulting in a time-integration of the 

studied ultrafast effect, since the ability to resolve in time the variation of the material 

properties depends on the scan of the delay  and on the intensity of the autocorrelation 

, defined as [128]: 

 
 (3.1.2) 

To show the latter dependence, we can consider the case of a degenerate pump and probe 

measurement aiming at evaluating the time dependent absorption coefficient . If  

is the linear absorption coefficient (no pump), the targeted physical quantity can be 

expressed as , where the induced instantaneous absorption change 

 can be expressed by the convolution of the optical intensity  and a causal 

impulse response function : 



51 
 

  (3.1.3) 

while the field  at the output of a sample with length L can be written as: 

  (3.1.4) 

where  is the input field. The equation (3.1.3) is valid under the following conditions: 

the total absorption is small; pump and probe intensities produce small variations of the 

material properties; dispersion may be neglected; pump and probe pulses have identical 

wavelength and they are both linear polarized along the same direction. We want to define 

now the input pump field  and input probe field  as   

 
 (3.1.5) 

 
 (3.1.6) 

with . Even if in general pump and probe pulses have different 

amplitudes, for the sake of simplicity we will consider them equal. If we define the overall 

intensity as , substituting it in the equations (3.1.3) and (3.1.4), 

and considering the total field as the superposition of the pump and probe fields (

), we can write the output (transmitted) field as: 

 

(3.1.7) 

where:  

 

(3.1.8) 

In the equation (3.1.8) the minus sign indicates that a response function with positive sign 

correspond to the case in which the intensity reduces or saturates the absorption. Since in 

our measurement we are interested in evaluating the change in the probe field due to the 

pump illumination, we take only the component of the output field along : 

 

(3.1.9)  
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Assuming that in the measurement only the probe intensity modulated by the pump is 

recorded and that the absorption is small, we can expand the exponential term of the 

absorption and consider only the lowest-order term. The change in probe energy  will 

be then: 

 
 (3.1.10) 

where we have defined  

 
 (3.1.11) 

 

(3.1.12) 

The term  results from the coherent coupling of the pump into the probe direction 

and arises only in the degenerate case.  

 If we introduce the change of variables as , we can rewrite the term 

(3.1.11) as: 

 
 (3.1.13) 

The second integral of the (3.1.13) is proportional to the intensity autocorrelation of the 

laser pulse  [128], whose width limits the temporal resolution of the measurements. 

Only dynamic responses slower than the autocorrelation width can be clearly resolved. 

From what it has just been said, when studying the dynamics of nonlinear processes, it is 

of paramount importance to have a general idea of the time scale of the process under 

investigation and selecting a proper time duration for the pump and the probe pulses. 

3.3 The transfer matrix method 

 When optical material characterization is concerned, in many cases the object to 

be analysed is a thin film. This because on thin films is based the entire planar fabrication 

process leading to the creation of integrated photonic components. Usually, thin film 

technology requires depositing multiple films one of top of another, creating a multilayer 

structure. When light travels through the stack of layers with different refractive indices, 

it will be transmitted and reflected multiple times between the interfaces of the different 

media (fig. 3.5). Therefore, the interaction between the electromagnetic field of 

counterpropagating waves will result in interference phenomena, which complicate the 

analysis of the propagating beam. 
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 Here I want to introduce a systematic approach that allows to evaluate the 

transmitted and reflected components of an electromagnetic wave propagating through a 

multi-layer system. Such approach, known as transfer matrix method, can be employed 

to calculate the electromagnetic field in each medium of the stack, even in presence of a 

very high number of layers. This method represents an efficient and fundamental toolbox 

for studying wave propagation in multilayers and it was largely employed for studying 

our TCO-based thin films.  Throughout this section, the medium of each layer of the stack 

will be considered linear, homogeneous and isotropic. Moreover, we can generalize this 

method also for lossy materials, since the transfer matrix formalism of wave propagation 

allows also to deal with complex refractive indices. 

 Now we want to study the general case of electromagnetic waves propagating 

through stratified media, in particular we can take into consideration the dielectric 

structure depicted in fig. 3.5a.  According to Maxwell's equations, the electric field across 

boundaries from one medium to the next must obey to continuity conditions. Thus, the 

field transmitted through the interface between two layers can be derived by associating 

a matrix operator to the interface and using the incident field as input [131]. If we are 

interested on the overall optical effect of a layer within the stack, we need also to associate 

a matrix operator to the medium between interfaces. The product of the individual layer 

matrices will finally represent the entire stack, which can be considered as an optical 

system with one input and one output port. Such optical system can be mathematically 

represented by a transfer matrix T, which relates the incident and reflected waves at the 

input with the incident and reflected waves at the output. 

 

Figure 3.5: a) The problem of light propagation through a multi-layer medium with refractive indices . 
A ray from the left side impinges from the left side (index ) on the stack and propagates through the 
layers, while it is transmitted and reflected multiple times by the interfaces between two contiguous layers. 
b) Example of stratified stack where an incident electromagnetic wave is reflected and transmitted after the 
interaction with the layers of the medium.  

Therefore, knowing T, we can calculate the reflected and transmitted field of an 

electromagnetic wave impinging upon a stratified block. The transfer matrix T of a stack 

of n layers can be calculated by multiplying the individual matrix Tn-1,n related to each 
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couple of the -  and -  layer. Along the rest of this section, a monochromatic 

test radiation will be taken into consideration. The monochromatic case is still very 

powerful since in case of poli-chromatic waves the analysis can be in principle carried 

out by looking at all the frequency components one at a time [131].  

 To derive the form of the transfer matrix associated to an incident wave on a stuck 

as depicted in fig. 3.5b, we can start from the case of a plane wave with wavevector  

incident on a stack of layers with thickness  and refractive indices  (fig. 3.6a). It is 

convenient to choose a coordinate system where the x-axis is normal to the interface 

planes which are ( )-planes.  The multilayer stack is defined as follows: 

  

(3.2.1) 

  

  

  

  

with , the complex refractive index of the i-th layer and .  The 

wavevector of the incident wave lies entirely in the ( )-plane ( ). We will solve 

the problem for two orthogonal polarizations: the TE-polarization (s-wave), with the 

electric field parallel to the interfaces of the stack, and the TM-polarization (p-wave) with 

the magnetic field parallel to the interfaces of the stack (fig. 3.6b).  

 

Figure 3.6: a) Multilayer stack of n-dielectric media with thickness . b) Orientation of the magnetic field 
vector , the electric field  and the wavevector  of the incident wave for TE (s-wave) and TM (p-wave) 
polarizations. 

The contributions to the amplitude of the electric field  to the forward 

(backword) propagating wave have the same direction   ( ) and can be 
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represented by one plane wave in each layer.  Thus, the total field in the i-th layer can be 

written as: 

 

 

(3.2.2) 

where  and  are the amplitude of the forward and backward waves, respectively,  

is the -component of the wavevector  in the layer i: 

 
 (3.2.3) 

where  is the angular frequency. Because of the boundary conditions, which link the 

field amplitudes of the incident, reflected, and transmitted waves with the interfaces,  

must remain constant. In a lossless medium and without total internal reflection,  can 

be related to the ray angle  as follow: 

  (3.2.4) 

We have also to take into account that  is a complex number and its imaginary part 

could be non-zero. This condition arises in case of propagation in lossy media (  

or in case of incident angles wider than the critical angle of the total internal reflection 

( ). In the latter case, the electric field vector decreases exponentially in the -

direction and the wave will be attenuated within a distance given by:   

  (3.2.5) 

In this case, the plane wave defined as in the equation (3.2.6) is an evanescent wave, 

which is propagating parallel to the interface plane in the z-direction. 

 At this point, we can define the transfer matrix T that relates the complex 

amplitudes  and  before and after the interaction of the incident wave with the whole 

stack: 

 
 (3.2.6) 

 We can firstly write the individual transfer matrices for each layer and then 

multiply them to calculate the complete transfer matrix related to the multilayer. If we 

consider the interface between the i-th layer and the j-th layer (fig. 3.7a), the amplitude 

of the forward and backward propagating waves before and beyond the interface, are 

linked as follow: 
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 (3.2.7) 

In the equation (3.2.7) we are using the complex reflection and transmission coefficients, 

known also as Fresnel coefficients [131], for the simple case of one incident wave 

between the two layers. In the case of a TE-polarized wave, the Fresnel coefficients will 

be given by: 

 
 

(3.2.8) 
 

 

For the case of TM-polarization, the two coefficient will be: 

 
 

(3.2.9) 
 

 

The reflection and transmission coefficients  and  can be also rewritten as function 

of the angles of the incidence ( ), and transmission ( ) angles: 

 
 

(3.2.10) 
 

 

For the case of TM-polarization, the two coefficient will be: 

 
 

(3.2.11) 
 

 

In case of perpendicular incidence, the equations (3.2.10) and (3.2.11) coincide and the 

coefficients are equal. On the other hand, the equation (3.2.8) still differs from the (3.2.9), 

because of the different definition of the vectors fields E in the TM and TE cases. 

Equation (3.2.7) can be also rewritten in a form that relates the backward and the 

forward propagating waves in the i-th layer and the backward and forward waves in the 

j-th layer: 
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 (3.2.12) 

Exploiting the symmetry relations of the Fresnel coefficients   and 

, we can simplify the equation (3.2.12) and obtain: 

 
 (3.2.13) 

From the equation (3.2.13) we can define the transfer matrix Tij for wave propagation 

through the interface between the layers  and : 

 
 (3.2.14) 

 
Figure 3.7: a) Reflected and transmitted waves at the ith-interface. b) Reflected and transmitted waves 
within the ith-layer between the interfaces  and  and with refractive index . 

We want now to find the form of the transfer matrix through the i-th layer (fig. 

3.7b). The amplitudes of the forward and backward propagating waves before and after 

the interfaces of adjacent layers are linked by the following equations: 

  

(3.2.15) 
  

which follows from the equation (3.2.2). Consequently, the transfer matrix Ti for the wave 

propagation through the i-th layer will be: 

  (3.2.16) 

where we have defined  , which is in general a complex quantity. For the case 

of a lossless medium and in absence of total internal reflection,  is a real quantity and, 

using the equation (3.2.4), we can write: 
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 (3.2.17) 

Therefore, the transfer matrix for the wave propagation through the overall layered 

medium can be found by multiplying all the individual transfer matrices: 

 
 (3.2.18) 

where: 

  (3.2.19) 

The equation (3.2.18) represents the matrix formulation for the wave propagation through 

multilayers systems. This expression can be used for a variety of wave propagation 

problems. In particular, we want to apply this relation to our original problem of a plane 

wave incident on a stack of layers as depicted in fig 3.5b. Firstly, we need to calculate the 

transfer matrices related to the single layers and then multiply them to obtain the complete 

transfer matrix. Considering only a forward propagating incident wave, we can set 

, so we have: 

 
 (3.2.20) 

This leads to system of two equations and two unknown variables,  and , 

which we can easily solve. The reflection and transmission coefficients come from the 

ratio  and , respectively: 

 
 

(3.2.21) 
 

 

We can now use the reflection and transmission coefficients to calculate the power 

reflection R and the power transmission T for a thin film. The power density of a plane 

wave in the i-th layer is calculated from the real part of the Poynting vector S: 

  (3.2.22) 

where  is the impedance of vacuum and H is the magnetic field. The equation (3.2.22) 

refers to the power per unit area perpendicular to the direction of propagation. In presence 

of a multilayer thin film, it is better to express the power density per unit of area parallel 

to the plane of the interfaces: 

  (3.2.23) 
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 We can now calculate the reflection and transmission related to a thin film: 

 
 

(3.2.24) 
 

 

It is important to mention the case in which there is no light incident, which means 

. As a consequence, the transfer matrix for the propagating wave 

through a multilayer stack will be written as: 

 
 (3.2.25) 

Looking at the equation (3.2.25) we can notice that the system, even if no light is incident, 

has nonzero solutions if the condition  is fulfilled. 

 During my experimental activities, I had to deal with the characterization of the 

optical properties of TCO thin films, which were deposited on a 1mm thick silica 

substrate. The sketch of the typical sample structure is showed in fig. 3.8a. In this case, 

the incident probe wave impinges upon the sample from the left with a small angle (<10 ) 

with respect to the normal to the air-TCO interface. The light reaching the multilayer 

sample will cause multiple reflected and transmitted beams at every interface (i.e. air-

AZO, AZO-Glass, Glass-air). 
 

  
Figure 3.8: a) Graphic representation of the sample structure, formed by a TCO thin film grown on a silica 
substrate. The probe signal is incident on the interface air-TCO, where is reflected, while a portion of the 
light crosses the interface and travels through the sample, appearing out from substrate. b) Example of the 
sample structure under study.  

For this structure the transfer matrix can be calculated first starting from the single 

matrices associated with the interfaces (Tair-TCO, TTCO-Sub and TSub-air) and then also 

considering the matrices associated with the layers (TTCO and TSub) of the sample (fig. 
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3.8b). Finally, the overall transfer matrix is attained by multiplying all the previously 

defined matrices obtaining Tair-air: 

 (3.2.26) 

Since the experimental angle of incidence was reasonably small, we can consider the case 

for normal incidence. Under this assumption, there is no difference in the form of the 

transfer matrix between the two polarizations and we can use the equation (3.2.14) and 

(3.2.16): 

  

(3.2.27)   

 

where  and . We can now replace the 

matrices of the equations (3.2.27) in (3.2.26) and calculate the matrix product:  

 

(3.2.28) 

 

 

 

 

If we apply the equation (3.2.21), we obtain the reflection and transmission coefficients 

 and , respectively, related to the stack: 

 (3.2.29) 
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 (3.2.30) 

 

Applying the equations (3.2.24) we can finally find the reflection  and transmission  

of the entire stack. The transfer matrix approach, here described, is a powerful tool for 

many applications in optics, for example, to calculate the portion of incident light that is 

reflected and transmitted for a Fabry-Perot cavity, for anti-reflective coatings, etc. With 

regards to the studies presented in this thesis, the transfer matrix associated to the system 

in fig. 3.8a has been used as a starting point to retrieve information about both the linear 

and the nonlinear refractive indices.  Regarding the linear analysis, a numerical routine 

has been developed to evaluate the refractive index dispersion  of the specific TCO 

under investigation.  Of course, the link with the refractive index is made explicit when 

the phase term  is plugged into equation (3.2.29) and (3.2.30). The related 

MatLab code for estimating  receives as input variables , , and , which 

are an estimation of the linear refractive index at a given wavelength ( ), the 

experimentally measured reflection, and the experimentally measured transmission, 

respectively. The code will subsequently search for convergence of the initially guessed 

values of R and T to the experimental values , and . Both real and imaginary part 

of the complex refractive index can be finally deduced from the estimated value of 

reflection and transmission using (3.2.29) and (3.2.30). The process is repeated for 

different wavelength, where the initial guess on the refractive index is provided by the 

refractive index calculated at the previous wavelength.  

3.4 Retrieval procedure for  and  

 If reflectivity and transmissivity measurements are performed as a function of the 

pump incident power, the previous method can be extended and modified also to evaluate 

the material nonlinear properties. In fact, under the effect of an intense optical pump, the 

refractive index calculated as following the method in 3.2 will also account for the 

nonlinear refractive index change. Then, one can calculate expected values of the 
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nonlinear transmission  and reflection  for different variations of the real and imaginary 

part of the refractive index  and . At this point, it is possible to select the couple 

 -  which better matches the measured values  and .  

 The retrieved values of  and  can be also employed to calculate the real 

and imaginary part of the nonlinear permittivity  and  for different excitation 

intensities (see equations (2.1.8) and (2.1.9)): 

  (3.3.1) 

  (3.3.2) 

Finally, if we assume that the polarization induced by the excitation is of the third order, 

we can link the  to the derivative of  as a function of the pump intensity  

where the gradient is linear. This is explained in the following passages where, in a pump 

and probe system, the polarization induced by the pump at the probe frequency  is 

[132]: 

 

 
(3.3.3) 

with  

 

 
(3.3.4) 

Thus, we can find: 

 
 (3.3.5) 

and finally: 

 
 (3.3.6) 
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4. CHAPTER 4  RESULTS AND DISCUSSION 

 Transparent conductive oxides have recently gained great interest in the 

nanophotonics community because of their unique nature and their unique nonlinearities 

displayed at ENZ wavelengths. Among the publications that have highlighted the 

extraordinary nonlinear properties of these materials in their bulk form, it is worth 

mentioning the articles performed by Caspani et al. [102], Alam et al. [103] and by Kinsey 

et al. [100]. To some extent, my research takes inspiration from these workss, especially 

when the study of the material properties is concerned, but it takes a more device-oriented 

approach towards the end of my PhD. 

 In this chapter I present the results of my studies about optical nonlinearities in 

TCOs, with specific focus to AZO and GZO in the ENZ spectral region. In particular, I 

will explain how the variation of the nonlinear refractive index can be maximized by 

means of degenerate pumping excitation. I will also report the independent and 

algebraically summable nonlinear effects produced by simultaneous interband and 

intraband nonlinear excitations, which have been both proved to be ultrafast and large in 

magnitude. Finally, I will conclude the chapter with the description of the properties of 

an ultra-fast tunable nanocavity based on a GZO thin film.  

4.1 Degenerate nonlinearities in AZO 

4.1.1 Experimental setup and analysis 

To study unexplored nonlinear dynamics of AZO thin films, we employed a 

standard pump and probe setup in its degenerate configuration, as illustrated in fig. 4.1. 

The sample was a 900-nm thick film of oxygen-deprived aluminum zinc oxide [100,133] 

(see section 3.1.1 and 3.1.2 for characteristics and method of fabrication). The 

fundamental laser source of the experimental setup was a Ti:Sapphire laser (  787 nm, 

repetition rate = 100 Hz s. The 

output fed an Optical Parametric Amplifier (OPA), which was used for both pump and 

probe signals. We first characterized the linear (i.e. no pump) reflection and transmission 

in the spectral range between 1120 nm - 1550 nm. Then, by means of inverse transfer 

matrix method, we calculated the linear permittivity , finding the ENZ wavelength at 

 1360 nm (see section 3.3 and 3.4). 
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Figure 4.1: Degenerate pump and probe setup. A Ti:Sapphire laser source pumps an optical parametric 
amplifier, whose output is split in a high intensity beam (pump) and a weak beam (probe), both vertically 
polarized, and impinging upon the sample with angle of incidence < 10°. 

 To investigate the nonlinear properties of the AZO film, we measured the 

transmitted and reflected probe signal as a function of the time delay  between pump 

and probe. This task was performed for different pump intensities  (within the range 

20  and 90 ), which were corrected by subtracting the portion of the 

pump reflected at the interface air-AZO. At the same time, we varied the operational 

wavelengths in the range between 1120 nm and 1550 nm. Then, the nonlinear permittivity 

 was extracted from the transmission and reflection measured at  by means of 

inverse transfer matrix method. Finally, the  was obtained using the equation (4.1.1): 

  (4.1.1) 

where  and  are the pump and the probe angular frequencies, respectively, 

and the derivative with respect to the pump intensity is calculated in the region where  

 has a linear behavior [115]. The values of  was then used to find the 

nonlinear Kerr coefficients  and  by applying the equations (2.5.9) and (2.5.10), 

the latter used also to attain the nonlinear absorption coefficient through the equation 

(2.5.11). The nonlinear permittivity  was also employed to determine the variation of 

the refractive index , using the following relations: 

  (4.1.2) 

where  and  are the real and imaginary part of , respectively. The terms  

and   are the real and imaginary part of the nonlinear refractive index, respectively, 

while the and  are the real and imaginary part of the linear refractive index. All 

these four quantities were calculated from equation (3) and (4): 
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  (4.1.3) 

 

   (4.1.4) 

4.1.2 Double enhancement mechanism 

 The nonlinear Kerr coefficient  is one of the most important parameters in 

nonlinear optics because, in practical terms, it is very convenient to have a fast evaluation 

of the induced refractive index change for a given pump intensity. We want now to recall 

the equation (2.5.21) which expresses the relationship between the complex nonlinear 

Kerr coefficient  and third-order susceptibility in a pump and probe system: 

  (4.1.5) 

From 4.1.5, it is clear that a straightforward strategy to increase the material nonlinear 

response is to exploit the largest components of the  tensor. Unfortunately, this task 

would require the experimental evaluation of each combination of the pump and probe 

wavelengths, since each tensor element depends on both. To simplify this task, in 

literature are available different semi-empirical methods that predict the nonlinear 

properties of materials starting from their linear properties. Examples of this were recalled 

in section 2.4.2, where the third-order susceptibility  was determined from the linear 

susceptibility . Fig. 4.2a shows the real and imaginary part of  as a function of 

the probe wavelength for the degenerate case. In the same figure, three cases are 

); and 

iii) our experimental evaluation. The results reported here, despite of the different 

dependence on the linear susceptibility, present a similar monotonic behaviour for both 

real and imaginary parts of the . All the three curves refer to a sample with ENZ 

wavelength at 1360 nm. The values of the  are calculated from the relation 

, where  is the linear permittivity experimentally measured. In the graph, which 

for experimental limitation is plotted in a wavelength range between 1120 nm  1450 nm, 

Wang and Miller curves are multiplied by a factor of , to be compared 

with the experimental values of the . The figure shows a clear increase of the real part 

of  as the wavelength increases, whereas the imaginary part  exhibits an almost 

symmetrical trend. 



66 
 

 
Figure 4.2: a) Real and imaginary part of the experimentally measured third-order nonlinear susceptibility 

 (cross points) compared with the  trend attained by the appliccation of the Wang (dashed curves) 
and Miller (dot curves) methods within the spectral window 1120 nm  1450 nm. The experimental values 

of the  were found employing pump intensities in the range between 20 GW/cm2 and 90 GW/cm2. b) 
Comparison between the nonlinear Kerr coefficient  for the non-degenerate ( , blue 

line) and degenerate case ( , orange line), both as a function of  in the wavelength 

range 1120 nm  1450 nm. Both curves are calculated by using the equation (4.1.6). c) Comparison between 
the nonlinear absorption coefficient  for the non-degenerate ( , blue line) and for the 

non-degenerate case ( , orange line), as a function of  in the wavelength range 1120 

nm  1450 nm. Both curves are calculated by using the equation (4.1.8). In the experiment, the experimental 
noise was less than 4% of the total signal value ( ). 

It is important to point out that the two semi-empirical models are used only for 

qualitative analysis, due to the intrinsic difficulty in evaluating with a good approximation 

all the physical constants included in the models. As explained in [102], a relevant 

contribution to the material nonlinearity is given by the linear refractive index of the 

material. Such dependence becomes clear by recalling the equations of the real and 

imaginary part of the Kerr coefficient  and , introduced in section 2.5: 

 
 (4.1.6) 

  (4.1.7) 

where . The enhancement factor  has a peak at around 

the ENZ wavelength, which appears in the plot for  (see fig 2.8a). In the same spectral 

region, the enhancement factor  for  becomes very small in absolute 

value, inducing a reduction of the nonlinear absorption coefficient , defined as: 

  (4.1.8) 

where  is the wavelength of the probe beam. It is worth underlying that a multiplicative 

factor of enhancement for (4.1.6) and (4.1.7) can be defined only under the assumption 

. We want now to combine the enhancement effect of the 
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ENZ regime with an increased  as found from the empirical models. For the 

degenerate configuration considered here, the  is not constant over the wavelengths, 

and the enhancement of the intensity dependent refractive index in the ENZ regime is 

also mediated by the third-order nonlinear susceptibility. In fig. 4.2b and 4.2c we compare 

the degenerate and non-degenerate case (  787 nm) for both  and , 

respectively. These plots show how optical nonlinearities are largely boosted by using a 

degenerate pumping configuration. Thus, these results indicate that the degenerate optical 

excitation within the ENZ region is an optimal condition to maximize the exploitation of 

TCOs nonlinearities. 

4.1.3 Results and discussion 

 The third-order nonlinear susceptibility  found in our investigation is almost 

6 times higher than that of the non-degenerate case [102], reaching values up to 

, while the  showed a change of sign and becomes negative. In fig. 4.3a 

and 4.3b we show  and  as a function of both wavelength and , respectively. 

We can observe that the maximum change in the refractive index, obtained for the highest 

pump intensity, shifts in wavelength of about 80 nm with respect to the maximum change 

 measured for the lowest . The observed spectral shift can be related to the shift 

in the ENZ wavelength, which is caused in turn to the redistribution of electrons in the 

conduction band, due to the intraband excitation [134]. Here, we measured a maximum 

value of the  of 5.17   at 1311 nm, about 13 times higher than the value 

observed in the non-degenerate case reported in [102]. At the same time, we found 

negative values and a monotonically decreasing trend as the wavelength increases for the 

nonlinear absorption . It is also useful to report the minimum value of , that is 1.4

 at 1449 nm, and at the wavelength of maximum , which is 7.1

. 

This behaviour proves that, with a proper choice of the operational wavelength, 

the degenerate configuration leads to an appreciable enhancement of the nonlinearities or 

an efficient ultrafast saturable absorption [135]. Moreover, the considerable wavelength 

distance between the maximum of  and minimum of  (  100 nm), makes the AZO 

thin film a suitable system for efficient ultra-fast amplitude or phase modulation of optical 

signals. In addition, we can notice that for an incident pump power of 90  we 

measured a  of 0.17 at around 1350 nm. The same variation is observed for the non-

degenerate case but for  of about 400  [102]. 
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Figure 4.3: a, b) Variation of the real (a) and imaginary (b) part of the refractive index  and , 

respectively, as a function of both pump and probe wavelength and the incident pump intensity . 
 

Besides the already mentioned manipulation of amplitude and phase, the 

applications of the high nonlinearities reported can be various. In particular, as it will be 

showed later in this chapter, the degenerate configuration could be employed to 

manipulate the optical features of a TCOs embedded tunable nanocavitiy. Recently, it has 

been also demonstrated by Vezzoli and co-workers [113] that the same system can also 

produce highly efficient four-wave mixing. In addition, the degenerate nonlinearities of 

the AZO can be employed for applications in wave-front shaping, ultrafast beam steering 

and for the spectral manipulation of optical pulses [102,104,134,136 138]. 

4.2 Two-colour excitation  

4.2.1 NIR and UV nonlinearities 

 The high nonlinearities reported for the degenerate pumping configuration of the 

AZO are produced by the absorption of photons of energy lower than material band-edge 

( ), in our case, in the near infrared spectral window (1120 nm  1550 

nm). Such photons produce intraband transitions in the conduction band, inducing a 

thermal smearing of the free electrons. The reorganization of the electron density of the 

state due to optical intraband pumping results in metal-like nonlinearities, which can be 

very large if probed within the ENZ window, and possess ultrafast time duration [104]. 

For instance, a 900 nm-thick thin film of oxygen-deprived AZO, probed in proximity of 

its cross-over wavelength at  nm, can experience up to 90% of modulation in 

transmission when pumped at  787 nm with pump intensity less than 400 

. 

 In the same material, nonlinearities with magnitude and duration similar to those 

generated by intraband transitions can be attained by above-gap photons [100], which 



69 
 

induce interband transitions. The injection of carriers from the valence band into the 

conduction band can be excited in AZO by photons of wavelength in the ultraviolet 

spectral region, producing changes in reflection and transmission up to 40% and 35%, 

respectively, with sub-picosecond relaxation times and fluences of few   

 In this section, how the optical behaviour of an AZO thin film can be modulated 

on subpicoseconds timescale by ingeniously combining the interband and intraband 

nonlinear effects will be discussed. The material optical response is stimulated by two 

different pump pulses, in the UV and NIR spectral range, to trigger the interband and the 

intraband electronic transitions, respectively. Nonlinearities are evaluated by measuring 

the transient transmissivity and reflectivity, together with the refractive index and the 

spectral shift of the probe beam, at the ENZ wavelength.  

4.2.2 Experimental setup  

 The experiment was performed by using a pump and probe setup with two 

excitation beams of different wavelengths, one at 787 nm and the other at 262 nm 

central wavelength (fig. 4.4a). The main laser source was a Ti:Sapphire laser, which 

provided  pulses with energy of   

branches. Part of the master laser power fed an optical parametric amplifier, producing 

the probe ultrashort pulse (< 120 fs) in a wavelength range of tunability between 1100 

 Another portion of the laser pumped a third-harmonic generation in-line 

set-up with  1 , producing an output of energy of , pulse duration  

nm, used to trigger the interband nonlinearity.  

 
Figure 4.4: a) Sketch of the two-colour pump and probe set-up, with the NIR and the UV pump wavelengths 

illustrated along with the probe wavelength. The Ti:Sapphire laser beam (787 nm of wavelength, s-

polarized) is used to supplies the OPA, which provides the probe signal (1300 nm of wavelength, s-

polarized), to feed the third-harmonic generation set-up for the production of the UV excitation and finally, 

to excite the intraband nonlinearities. b) Graphic representation of the time delays between the probe and 

the two pumps, denoted by , and between the NIR and the UV pumps, indicated by . 



70 
 

Finally, a third part of the main laser beam was routed to the sample (see section 3.1.1 

and 3.1.2 for characteristics and method of fabrication) to excite the intraband 

nonlinearity. Two delay lines allowed for the variation of the time distance between 

the two pumps and the probe ( ) and between the NIR and UV pumps ( ) (fig. 4.4b). 

4.2.3 Single pumping  

 First, we evaluated the material optical response under single pumping regime by 

measuring the transmissvity and reflectivity of a probe whose wavelength was set at the 

sample ENZ wavelength (  1308 nm). The probe intensity was set below 0.02 

, in order to exclude any nonlinear effects produced by the probe. Both 

transmission and reflection were recorded as a function of the delay  between the 

pump pulses and the probe. In fig. 4.5a it is shown the dynamic reduction of 

transmissivity produced by interband transitions, which were triggered by an UV 

excitation of fluence  5 . The recombination time (

modulation amplitude ( 23%) are consistent with data available in literature for an 

[100]. In fig. 4.5b we show the transient increase of 

transmissivity caused by intraband carrier excitation, driven by a NIR pulse with 

fluence  . In this case, the graph exhibits an extremely fast 

recombination time of  

Pump fluences of the UV and NIR beams were chosen in such a way to obtain 

similar amplitude variation of the transmission produced by each single excitation. To 

accomplish this task, we arbitrarily chose a fluence for the ultraviolet beam and set the 

NIR fluence afterwards, to induce a change on the transmitted power of the same 

magnitude as that obtained with the ultraviolet pump. The presence of both interband 

and intraband nonlinearities, which exhibit similar behaviours, suggests the possibility 

of combining these two excitations for new modulation dynamics. 

 
Figure 4.5  between the 
two pumps and the probe, under the UV (a,  5 ) and NIR (b,  ) single 
pumping. Here, all the beams are s-polarized. 
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4.2.4 Two-colour pumping 

 After having characterized the optical effects produced in the single pumping 

configuration, we investigated the optical material response under the simultaneous 

excitation provided by the UV and NIR pumps, recording the transient transmitted and 

reflected probe. The pump fluence was settled at the same values used for the single 

pumping characterization. The measure was carried out by varying the delay  

between the pumps and the probe and the delay  between the two pumps (fig. 4.4b).  

 In fig. 4.6 we report the values of the normalized modulation of the transmitted 

and reflected signal as a function of the delay  between the pumps and the probe for 

different values of the delay  between the two pumps (fig. 4.6a-e). In these plots we 

defined , and , where  and 

 are the transmission and reflection without pump illumination, respectively, while 

 and  are the instantaneous transmission and reflection, respectively. 

In these graphs, the shaded coloured rectangles represent the distance in time between the 

UV and the NIR pump, where the red and the blue represent positive and negative delays, 

respectively. The red curve indicates the values measured with the simultaneous pumping 

(Two-colour), while the black dashed curve represents the algebraic sum of the nonlinear 

effects produced by the single excitations (UV+NIR). The good agreement between the 

two lines indicate that the two nonlinearities are independent and algebraically summable. 

As will be shown later, the latter statement is true only if the pump intensities are kept 

lower than a certain threshold.  We also observed 20% modulations at , while the 

complete dynamic lies in the sub-picosecond region. Being the two nonlinear effects 

opposite in sign, an almost complete cancellation of the transmission variation can be 

observed in proximity of the temporal overlap between the two pumps (fig. 4.6c). 

 Similar to the transmission, we also report the graphs of the transient reflection 

(defined as  with  the reflection without pump illumination), for five different 

 delays (fig. 4.6f-l). The blue line indicates the values of the reflection measured in the 

presence of both pumps, while the black dashed curve represents the algebraic sum of the 

nonlinear effects obtained by the single excitations. As in the case of the transmission, 

the good match between the curves of the reflect probe measured in the two different 

modalities confirms the independence of the two nonlinear processes. However, 

contrary to the transmission, we cannot observe the mutual cancellation of the 

nonlinear effects at  0, since the modulation in reflection induced by UV pumping 

was considerably smaller in magnitude than the one produced by NIR excitation.  
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Figure 4.6: Transient transmission (a-e) and reflection (f-l) of the AZO film, shown as a function of the 
time distance  between the two pumps and the probe. The red and blue lines represent the nonlinear 
effects measured by the simultaneous pumping (Two-colour). The dashed black lines indicate the algebraic 
sum of the nonlinear effects obtained by the single excitations (UV+NIR). The good agreement between 
the two curves suggests that the two nonlinearities are independent. The multiple graphs refer to different 
time delay  between the UV and the NIR pump pulses. The shaded red and blue regions indicate positive 
and negative delays, respectively. Here we observe modulations of the order of 20 % and for the 
transmission and 35% for the reflection at the . In all cases, the complete dynamics lies in the sub-
picosecond region. The optical modulation produced by the two effects is opposite in sign. This particular 
feature allows for an almost complete cancellation of the two nonlinear effects in proximity of the temporal 
overlap between the two pumps, as shown in c.  

The obtained values of the recorded probe transmission and reflection were then 

used to retrieve the normalized modulation of the transient refractive index for both its 

real and imaginary part. This was attained using the transfer matrix method, as 

described in section 3.3. The calculated values are reported in fig. 4.7 with obvious 
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notation, and they show a nonlinear flexibility of AZO thin film which is 

unprecedented. Indeed, different excitation schemes can be used to induce opposite 

and summable changes in the material properties, giving the freedom to efficiently 

operate on both real and imaginary part of the refractive index. In addition to this, to 

the best of our knowledge, a class of materials shows for the first time how the typical 

amplitude vs speed trade-off of optical nonlinearities can be overcome [115]. 

 
Figure 4.7: Percentage variation of the real (a-e) and imaginary (f-l) part of the refractive index as a 
function of the delay  between the two pumps and the probe pulses. The multiple vertical plots 
represent the dynamics of the nonlinear effect for different delay  between the UV and NIR pump 
pulses. Blue shaded area indicates that the ultraviolet pump precedes the NIR p ump in time (negative 

), while the red shaded area indicates that the UV follows the NIR pulse (positive ). The red and 
blue curves represent the real and imaginary part of the refractive index, respectively, obtained by the 
simultaneous two-colour excitations. The black dashed curves depict the real and imaginary refractive 
index calculated by the algebraic summation of the nonlinear effects produced in experiments of single 
pumping. 
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4.2.5 Cross-talk between different excitation regimes 

 In the previous section I showed that interband and intraband nonlinearities 

induced by two-colour excitation are independent. This remarkable optical behaviour 

is confirmed by measuring the percentage of the relative variation in the real (a, b) and 

imaginary (c, d) part of the refractive index, as a function of the delays  and  which 

is reported in fig. 4.8a-d in colour bar. The label 

algebraic summation of the refractive indices attained with independent UV and NIR 

excitations. Plots a and c exhibit the relative variation in the real and imaginary refractive 

index  and , respectively, for pump fluences of   and 

 16 . Plots b and d show the same quantities calculated by the algebraic 

summation of the effects recorded with separate NIR and UV pumps. Any presence of 

cross-talk between the two nonlinear effects can be estimated by comparing the 

 

and  approach zero, identified by the black dashed box. At these pump fluences we can 

observe no significant cross-talk between the two excitations. To better evaluate the 

magnitude of any cross-coupling between the UV and NIR excitations, we can define 

the relative difference between the measured (me) and ideal (id) refractive index for 

its real and imaginary part  and , 

respectively. In the latter relation, the terms  and  are the real and imaginary 

part of the nonlinear refractive index. The quantities  and  were calculated for 

three different increasingly higher UV and NIR pump fluences, indicated in fig. 4.8e-

 to the fluence used in the experiments reported in fig. 4.5, 4.6 and 4.7a-

d (  5 and  16 ). An appreciable cross-coupling of the two 

excitations can be observed at higher pump fluences ( and  

), for which a change in  up to  22 % and in of about 7 % have been 

estimated (fig. 4.8e, h). For medium fluences, the change in becomes < 10 % while 

that one in  reduces below 7 % (see fig. 4.8f,i), which confirm a low cross-talk 

between the two pumps. Finally, for low pump fluences ( 1.6 and 

9 ) we observed negligible cross-talk, with < 6 % and  < 3 % (fig. 4.8g, 

j). 
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Figure 4.8: Plots of the relative variation in percentage of the real (a, b) and imaginary (c, d) part of the 
refractive index  and , respectively,  as a function of the time delays  and . Variations 

produced by simultaneous interband and intraband excitations are denoted with the term measured , while 

independent UV and NIR excitations. The cross-talk between the two nonlinearities can be appreciated by 
and  

approach zero (black dashed box). (e-j) Percentage of the discrepancy  between the ideal and the 

measured nonlinear refractive index in its real (e-g) and imaginary (h-j) part, as a function of the two delays 
 and  and for t

-talk between two nonlinear effects, 
with  up to % and %, occurring at high pump fluences ( 2 and  

2). Plots (f, i) illustrate limited cross-coupling effects (< 10 % for " and < 5 % for ) for 
medium fluences, which were employed in the main experiment. Finally, the graphs illustrated in (g, j) 
exhibit negligible cross-talk (< 6 % for  and < 3 % for ) induced by low pump fluences (  
mJ/cm2 and  9 mJ/cm2 ). Black dashed lines indicate the zero-delay condition  and  
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 The observed cross-talk between the two excitations could be addressed to 

saturation or enhancement processes, where one of the two excitations induces a 

saturation or an enhancement of the electron density in conduction band, limiting or 

boosting the effect of the other electronic transition. However, the present hypothesis 

requires further investigations which go beyond the purpose of these studies. 

4.2.6 Material bandwidth enlargement and spectral tuning of optical signals 

 The capability of optically controlling the AZO optical behaviours in 

subpicosecond time scales opens new intriguing applications, based on the possible 

dynamic modulation of the material refractive index. Two examples of possible 

applications for the two-colour scheme deal with the possibility of controlling both the 

intrinsic bandwidth of the material and the spectral properties of an interacting optical 

signal. With regards to the first case, in fig. 4.9a it is shown how the simultaneous UV-

NIR pumping can allow for an extension of the material bandwidth. In other words, 

because of a sort of push and pull effect exerted by the two different pumping regime, 

the optical dynamics speeds up. This can be seen from the plots in fig. 4.6, where the 

temporal features of the curves become sharper and the two pumping regimes overlap 

in time. In first approximation, the material bandwidth as a function of the temporal 

overlap  between the pump signals can be calculated performing the Fourier 

transform of the transient transmissivity curves reported in fig. 4.6a-e and extracting 

the spectral bandwidth (see in fig. 4.9a black curve). In fig. 4.9a, the blue and red 

dashed lines indicate the photocarrier bandwidth for independent UV and NIR 

excitations, respectively. The comparison between the two dashed lines with the black 

line shows how the combined excitation regimes can lead to a considerable extension 

of the material bandwi  

potentially appealing for THz emission and detection. A second intriguing capability 

enabled by nonlinearities in TCOs is shown in fig. 4.9b.  Here the shift in the central 

wavelength of the probe pulse is measured as a function of both  and  for pump 

fluences  2 and 2. Interestingly, we can note that the 

UV pump produce a negative wavelength shift, whereas the NIR pump induce both a 

positive and negative shift, depending on the delay . Therefore, by a clever choice 

of the pump fluences, the wavelength shift can be almost cancelled when the two pump 

pulses are temporally overlapped. It is also worth to mention that, for higher pump 

fluences, wavelength shifts that exceed the pulse bandwidth can be also attained, 

opening highways for designing novel TCO-based ultra-fast all-optical routers. 
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Figure 4.9: a) Modulation of the material bandwidth. The values, depicted by the black curve of the graph, 
were calculated by performing a Fourier transform along  on the variation of the probe transmission, 
which is a function of both  and . For approaching zero, the modulation bandwidth can be decreased 
or increased by means of two-colour scheme. The blue and red dashed lines show the bandwidth of the UV-
only and NIR-only effects. b) Wavelength shift of the transmitted probe (
pump induces a blue shifts in the signal central wavelength, whereas the NIR pump induces an opposite 
effect. For , the shift produced by one pump can suppress the effect of the other excitation. 

4.2.7 Generalization of photocarrier dynamics in TCOs 

 AZO shows both interband and intraband transitions for excitation wavelengths 

which are far enough to separate the two effects, but still close enough to be achieved 

with the frequency conversion of standard laser sources. This capability cannot be 

often addressed with most metals and semiconductors, in which the nonlinear effects 

are either overlapped in wavelength, as in the case of  metals, difficult to access (deep 

UV), or separated enough in wavelength to enable their combined use 

(semiconductors). It is important to point out that the nonlinear properties reported in 

this thesis are a common feature among TCOs and not a peculiarity of AZO. Fig. 4.10 

illustrates that similar nonlinear behaviours can be observed in a commercially 

available indium tin oxide, where interband and intraband nonlinearities coexist with 

opposite optical effects. However, it is important to notice that while NIR nonlinear 

dynamic in ITO exhibits the same subpicosecond modulation time (fig. 4.10a), UV 

nonlinearities show a relaxation time much longer than that measured oxygen-deprived 

AZO (fig. 4.10b). Despite a comparative analysis of the two TCOs goes beyond the 

purposes of this work, we can conclude that the oxygen-deprived AZO shows stronger 

and faster temporal dynamics. Therefore, our AZO thin films are among the best 

options for applications based on a hybrid interband-intraband nonlinearity at telecom 

wavelengths. 
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Figure 4.10: Dynamics of the nonlinear transmission of 310nm-thick indium tin oxide (ITO), for intraband 
(a) and interband (b) excitations. Here in this figure the relative transient transmission as a function of the 
delay  is reported. The probe wavelength was set at the ENZ of the ITO film (1239 nm), carrying out a 
fair comparison with the results obtained with the AZO films previously discussed. The optical 
nonlinearities were triggered by pump fluences of  42 mJ/cm2 and  22 mJ/cm2. 

4.3 Tunable nanocavity with embedded GZO layers 

 In general, nonlinearities can be employed to achieve dynamic control over the 

mode resonances of nanocavities. Such functionality is usually achieved for nanophotonic 

and optoelectronic devices exploiting electrical [139], thermal [140], mechanical [141], 

and optical tuning [142]. Although via these approaches one can induce a significant 

dynamic modulation, some of them are characterized by high power consumption or low 

switching speed. In order to overcome these limitations, a useful strategy is represented 

by the use of optical nonlinearities generated in metal oxides at ENZ wavelengths. Here 

I report the study of an all-optical tunable nanocavity with 70 nm-thick embedded gallium 

zinc oxide thin film, displaying ultrafast modulation of cavity modes in the NIR. Our 

TCO-based device exhibits large optical modulation of the transmitted signal and ultrafast 

switching speed (  2.2 THz) under modest pump intensity (9 ). Additionally, a 

static control over the cavity resonance was achieved by the inclusion of reflective 

metasurface replacing one of the cavity mirrors. The phase retardation induced by the 

metasurface all

geometry of the cavity, thus creating stationary modes whose wavelength can be longer 

than 2L, where L is the cavity length. This strategy is of great interest for designing ultra-

compact cavities which can operate at telecom wavelengths.  

4.3.1 Nanocavity characterization 

The characterization of the dynamic capability of our nanocavities was performed 

by recording the characteristic transmission spectrum of our device under NIR degenerate 

pumping illumination. In this sense, we employed a pump and probe setup as in depicted 
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fig. 4.11a. Such a system makes use of optical pulses with a time duration of  fs 

and a repetition rate of 100 Hz, provided by a Topas Optical Parametric Amplifier (OPA) 

seeded by a Ti:Sapphire laser (  = 787 nm). The available wavelength tunability range 

spanned from 1120 nm to 1600 nm (see pink highlight in fig. 4.11b). Design and 

fabrication of the tunable nanocavities employed in this study has been reported in section 

3.1.3. 

Initially, the setup was calibrated against the previously acquired ellipsometric 

data (fig. 3.2b) for the linear case (no pump). In this regard, the operational resonant mode 

around 1.2 m was chosen as reference from the ellipsometric spectra. Then, by using the 

setup in fig. 4.11a, the features of the resonant transmission curve were reproduced (fig. 

4.11c). For this purpose, transmission spectra were recorded for different pulse 

wavelengths (spaced by increments of about 5 nm) using a Czerny-Turner spectrograph 

(Andor Shamrock 163 Spectrographs coupled with an iDus InGaAs detector array).  

 
Figure 4.11: a) Schematic representation of degenerate pump and probe setup employed for the 

characterization of the dynamic properties of the tunable nanocavity; b) Transmitted signal from GZO 

Fabry-Perot nanodevice normalized over the resonance peak. The absolute transmission was 16% for the 

nanocavity without GZO and 10% for the GZO-embedded nanocavity. The region of investigation is 

selected from linear ellipsometry measurements shown in fig. 3.2b, whit the range of probe tunability 

marked in pale red. c) Normalized Gaussian fit (blue line) of the Lorentzian maxima representing the probe 

pulse, here compared with the transmission resonance (yellow line) of the cavity with GZO and without 

nanostructure. For the sake of clarity, only few spectra are reported. 
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All the acquired curves were then fit with Lorentzian functions whose peaks were finally 

used to draw the device resonances, which were approximated by a Gaussian curve (blue 

curve), as depicted in fig. 4.11c. The characteristic resonances recorded via this process 

matched with those obtained from ellipsometry measurements (yellow curve) within the 

experimental error, as evident from fig. 4.11c. 

In order to decouple the effects due to the metasurface from those linked to the 

GZO layer, we compared the dynamic behaviour under optical excitation of dev2 and 

dev3, which contained only one these two structures at a time. We started from these two 

configurations because optical pumping could primarily induce a transient behaviour by 

either altering the optical properties of the GZO layer, or by thermal effects promoted by 

the local field enhancement due to metallic nanostructures. Therefore, our device choice 

allowed for decoupling these two phenomena. 

The experimental task was carried out by following the same calibration process 

previously described (see blue curve in fig. 4.11c). Output spectra were recorded under 

degenerate optical pumping, where the OPA operative wavelength was tuned across the 

resonance linewidth. Pump and probe branches were obtained by splitting unevenly the 

OPA output (pump fluence , probe fluence ). 

As previously said, the collected spectra were used to draw the resonance shape. 

In order to record such a modulation and acquire more insights about its nature, 

we performed a standard degenerate pump and probe experiment at the wavelength  

corresponding to the point of maximum linearity on the shoulder of the resonance shape 

(see fig. 4.12a). The signal transmitted through the sample was recorded as a function of 

the time delay  between the pump and the probe. 

4.3.2 Dynamic tuning of cavity resonances 

In fig. 4.12a and fig 4.12b the resonances under NIR pumping (orange line) and 

without pump excitation (blue dashed line) are reported for both dev2 (with metasurface) 

and dev3 (with GZO layer), respectively. For the first case, it is evident that any change 

of the resonant characteristic is negligible, suggesting no dynamic capability. In fig. 

4.12b, instead, the resonance peak appears to be red-shifted of about 15 nm under the 

effect of the optical pump. Even though the absolute value of the induced frequency shift 

is not large if compared to the resonance linewidth, it is still enough for enabling a 

remarkable signal modulation when operating in the linear region, which is identified by 

the linear slope of the resonance profile (see  green point). At this operational 
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wavelength (  1200 nm), even a small frequency shift can produce a large change in 

the transmitted power (see green arrows in fig. 4.12b). The comparative study between 

dev2 and dev3 proves that the dynamic properties must be ascribed to the GZO layer.  

The attained normalized transient transmissivity is plotted in fig. 4.12c as a 

function of the pump to probe delay . In this plot three regions can be identified. The 

first two regions, labelled as excitation and modulation regions, are equally short and they 

both account for an overall ON/OFF time of about 400 fs, while a third region is linked 

to thermal relaxation processes (thermal region). The experimental data were fitted with 

two exponential functions in order to evaluate excitation and relaxation durations 

modulation (see purple solid curve in fig. 4.12c). Excluding the slow thermal effects, 

which only account for a limited fraction of the change in transmission, about 80% of 

ON/OFF signal modulation in < 400 fs was observed.   

 

Figure 4.12: a) Normalized resonance of the microcavity with W = 65 nm step size nanostructure and 
without GZO layer, under pump excitation of intensity . No resonance shift 

displayed. Absolute transmission for both pump and no pump cases was 16%. b) Normalized resonance 
shift of about 15 nm of the microcavity with 50 nm-thick GZO layer and without nanostructure, under 
pump excitation of intensity . Absolute transmission for both pump and no pump 

cases was 16%. c) Pe
and the probe pulses in the nanocavity embedded with GZO layer. The experiment was carried out for at 
the operational wavelength 1200 nm (see green point in fig. 4.12b), where the absolute transmission was 
5% at  (no pump). Three temporal phases have been identified: excitation region, modulation region 
and thermal region. Excitation time and relaxation time (modulation + thermal relaxation) have been 
calculated from the exponential fits represented in the figure.   
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5. CHAPTER 5  RESEARCH OUTLOOK AND CONCLUSIONS 

 During the last decade, transparent conductive oxides have demonstrated 

remarkable electrical and optical characteristics, making the research on this class of 

materials particularly attractive. Among the advantages displayed by TCO-based system, 

the strong nonlinearity available in the ENZ region is certainly one of the most important. 

In the present manuscript, some of these outstanding characteristics have been presented 

as the result of my research efforts along my PhD. Despite of the notable achievements 

reported, I believe that the potentiality of such materials and all their possible applications 

are far from being fully explored. In this regard, I present in this final chapter few 

promising results recently attained, which could lead to interesting research 

developments. In particular, the preliminary investigation of semi-degenerate four-wave 

mixing processes in aluminium zinc oxide will be reported. Moreover, I will show how 

TCO thin films can act as time-gradient metasurface, providing beam-steering 

functionalities and spectral manipulation of optical signals. Finally, before the 

conclusion, a practical application of the TCO optical nonlinearities for the realization of 

a TCO-based frequency-resolved optical gating (FROG) will be highlighted. 

5.1   Ongoing research 

5.1.1 Four-wave mixing in AZO 

 In chapter 4 I showed how AZO films can be a suitable platform for controlling 

the central wavelength of an optical signal, inducing shifts of the order of the signal 

spectral bandwidth. However, it has been also demonstrated that TCOs are capable to 

efficiently manipulate the spectral properties of the light in other ways. For instance, 

Capretti and collaborators reported third-harmonic generation efficiency in ITO 

nanolayers of about 600 times higher than that obtained in crystalline silicon [143]. 

Moreover, Vezzoli and co-workers demonstrated generation of negative refraction and 

phase conjugate beams with efficiency of the order of unity in AZO thin films [108]. 

Taking inspiration from these two works, I explored the frequency conversion efficiency 

of near infrared photons into the visible wavelength range, exploiting semi-degenerate 

four-wave mixing processes. Here, I report the preliminary results of these studies 

performed on a 900nm-thick AZO film, employing a high intensity pump (  405 

) with wavelength set at 787 nm and a weak NIR signal  (  24 ), 
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tuned within the spectral range between 1080 nm and 1500 nm. The nonlinear process 

observed is a semi-degenerate four-wave mixing (SDFWM), where two degenerate pump 

photons interact with a signal photon to generate an idler photon, according to the energy 

conservation principle described by: 

  (5.1.1) 

where ,  and  are the idler, pump, and signal frequencies, 

respectively. The experiments were carried out by employing the setup schematically 

represented in fig. 5.1a, where the pump beam was provided by a Ti:Sapphire laser 

delivering ultra-fast pulses of  100 fs at 787 nm, with a repetition rate of 100 Hz. The 

same laser source was also used to feed an optical parametric oscillator (OPA), delivering 

the tunable signal in the spectral range between 1080 nm and 1500 nm. Pump and probe 

beams were shone on the sample at a small angle with respect to the normal to the thin 

film. The sample under test, which displayed its ENZ wavelength at  1360 nm, was 

deposited on top of a glass substrate of thickness  1 mm following the same fabrication 

method reported in section 3.1.1. The forward idler generated in the visible spectral range 

was then recorded using a silicon amplified photodetector. 

 Fig 5.1b shows the conversion efficiency of the SDFWM process, calculated as 

the ratio between the measured idler power and the incident signal power ( , 

as a function of the signal wavelength. The curve of the efficiency of the nonlinear process 

shows a monotonic trend over the signal wavelength explored, characterized by a sharp 

increase for wavelength  1150 nm. This behaviour suggests that phase matching 

condition is relaxed as the signal wavelength approaches the pump wavelength. In our 

experiment, the maximum conversion efficiency observed was 2% at  1080 nm.  

To verify the nature of the nonlinear process, we measured the idler power as a function 

of the incident pump power squared (fig. 5.1c). Although the general trend of the curve 

is approximately linear as imposed by eq. (5.1.1), we can notice at the highest pump 

powers the beginning of competitive nonlinear processes where the role of the pump and 

the signal is inverted. 

 The choice of this specific SDFWM configuration was dictated by fundamental 

technological reasons. In fact: i) the signal is tuned within the ENZ region for taking 

advantage of the enhanced nonlinearities and relaxed phase matching conditions; ii) the 

pump is set at a very typical wavelength mostly available in photonics labs; and iii) the 
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idler photon are generated in the visible range, within the window of the maximum 

transparency, so that the effective conversion efficiency is maximized. 

 
Figure 5.1: a) Sketch of the experimental setup. A high intensity pump at a wavelength of 787nm was used 
with a weak signal tuned in the spectral range 1080 nm-1500 nm. Under this condition, 900-nm thick AZO 
produced visible photons of wavelengths between 619 nm and 533nm by difference-frequency generation 
process. Forward idler was recorded at the temporal overlap between the pump and signal pulses ( ). 
b) Nonlinear conversion efficiency as a function of the signal wavelength. The efficiency of the process 
showed a sharp increase at the lowest signal wavelengths investigated in the experiment, approaching the 
pump wavelength. c) Idler power as a function of the squared pump power. The linear dependency of the 
idler power over the pump power squared suggest that the experiment was carried out under undepleted 
pump condition.  

5.1.2 Time-varying surface with TCOs 

 Having access to large and ultra-fast nonlinearities may allow for the creation of 

effective time phase gradient on the surface of TCO-based thin films. If the optically 

induced refractive index change is large enough (i.e. comparable to the linear index) and 

it happens on a time scale comparable with the time duration of the propagating pulse, an 

additional term needs to be added in the well-

and the refracted angle of a beam crossing an interface between two media with given 

refractive indices. In fact, it is possible to demonstrate that a direct consequence of the 

application of a temporal phase gradient on the radiation wavefront is the generalization 

of the well- [137,145]. Indeed, a time-gradient phase shift causes a 

photonic energy change  and, since , this results in 
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an additional term  to be taken into account for the conservation of the transversal 

momentum of the reflected/transmitted photons. As a consequence, if a beam impinges 

on a (optically induced) time varying interface between two media with refractive indices 

 and  at an angle , the transmitted angle  can be calculated using the following 

formula: 

  (5.1.2) 

where , and  are the wave numbers for the incident and transmitted beams, 

respectively, and the additional  accounts for the induced nonlinearities. Thus, we can 

find that the beam will be transmitted at an angle set by: 

  (5.1.3) 

In this discussion, as first approximation, we have considered that the nonlinearities only 

happen at the interface. The simplified case for the optical reflection can be deduced from 

(5.1.2) and (5.1.3) assuming  and  and it is schematically represented 

in fig. 5.2a. In principle, time-varying surfaces could be induced on TCOs thin films 

thanks to their ultrafast nonlinearities. In this sense, wavelength shifts showed in section 

4.2.6 and reported in literature [102] could be partially explained as the result of the 

photon energy variation induced by the ultrafast change of the material refractive index 

at the interface air-TCO. In this regard, by employing a 900 nm-thick AZO film with ENZ 

at a wavelength of 1360 nm, we carried out preliminary investigations about the 

possibility of inducing an ultra-fast beam-steering on a beam trespassing an optically 

excited air-AZO interface similar to that explained by eq. (5.1.3). The experiments were 

performed employing a pump and probe setup depicted in fig 5.2a. In this case, we 

employed probe signal with central wavelength set at 1290 nm, while the pump 

wavelength was  787nm. In this case, the sample was tilted with an angle of  

25  with respect to the probe incident angle, which allowed to spatially filter out the pump 

beam from the detector. For measurements of wavelength shift we recorded the central 

wavelength of the probe transient transmission under pump excitation of intensity  

= 200 . As expected, we observed a transient wavelength shift  in the 

transmitted probe of about 13 nm (fig. 5.2b). Including in the equation (5.1.3) the 

refraction at the interface AZO-air, we can evaluate the maximum expected angular shift 

, where  is the angle of the transmitted probe beam, using the maximum 

wavelength shift previously measured. From our calculation, we found that  46 
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 rad. The results of the transient angular shift of the transmitted probe are reported 

in fig. 5.2c. The maximum observed angular shift was  4.8  rad. The 

discrepancy between the measured and expected value of the angular shift can be due to 

the extreme simplification of our model, which does not take into account of other 

processes, such as the cross-phase modulation. However, we believe that this result could 

be further improved by using a degenerate excitation, which has been proved to induce 

high nonlinarities, as reported in section 4.1. In addition, the preliminary investigation 

has been carried out employing pump intensities far from those which induce the 

saturation of the nonlinear effects. 

 
Figure 5.2: a) Sketch of the pump and probe setup used for the measurements of wavelength shift and beam 
steering. Pump (  787 nm) and probe (  1290 nm) impinge on the sample surface with an 

angle  25 . b) Carrier wavelength shift of the transmitted probe signal at a central wavelength of 1290 
nm, under NIR pump excitation (  787 nm). A wavelength shift of about 13 nm was measured under 

the exposition to a pump of intensity  = 869 . c) Preliminary evaluation of the angular shift 

of   of a transmitted optical signal with central wavelength of 1300 nm under NIR pump 
excitation. The maximum measured  was about 48   rad employing a pump intensity of 200 

. d) Schematic illustration of a reflected beam from a time-varying surface. e) Sketch of time-
gradient surface in time-reversal, where the dashed green and blue lines indicate the nonreciprocal traces 
of the incident and reflected beams, respectively. 
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 Similar processes to those reported above are commonly observed with 

metasurfaces by inducing a phase space-gradient [144]. These kind of devices are 

employed for several fundamental applications, such as light bending [145], flat optics 

[146,147], and ultra-thin holograms [148], just to mention a few. Despite of the 

remarkable results achieved by space-gradient metasurfaces, they cannot provide non-

reciprocal effects since they preserve Lorentz reciprocity. A graphic explanation of this 

is given in fig. 5.2 d, e, where a time varying surface, for the simplified case of a reflection 

geometry, is drawn together with the correspondent iso-frequency contours associated to 

both incident and reflected beams. In this picture the additional photon momentum 

provided by the time-varying surface changes its sign depending.   

5.2 Future works 

 Because of the limited time available, not all the planned projects have been 

carried out. Some of them could provide further insights into the optical nonlinearities in 

metal oxides. For instance, it would be very interesting to explore the efficiency of the 

SDFWM process analysed in 5.1.1 at shorter signal wavelengths where the frequency 

conversion is expected to drastically increase. In this sense, my preliminary study was 

limited by the OPA maximum tunability in the range 1120 nm and 1600 nm. In this 

regard, following the same idea reported in section 4.1, we could seek for potential 

wavelength regimes where the nonlinear response in terms of  and  could be further 

enhanced, outside the spectral range already explored. For example, if as a starting point 

we assume a low-dispersion regime for the third-order susceptibility (a quite strong 

assumption on a broad wavelength range), we can make preliminary consideration on the 

enhancement factor of the nonlinear refractive index introduced in section 2.5. The 

calculation of this factor can be performed by exploiting our knowledge about the linear 

refractive index in the visible and near infrared regime (also with the help of broadband 

ellipsometric measurements). The results of this simple calculation are showed in fig 5.3 

for all the possible combination pump wavelength - probe wavelength, in both visible and 

NIR spectral range. For a 900 nm-thick AZO film, which ENZ wavelength was at 1360 

nm, the calculated enhancement factor of  should display a further increase employing 

pump wavelengths longer than 1400 nm (fig. 5.3a). The imaginary part, plotted in fig 

5.3b, exhibits the same change of sign at around the ENZ wavelength and it shows at  

1430 nm its lower negative values, which are beneficial to limit the material losses. Of 

course, it is important to remember that the refractive index may not display the same 

trend of the enhancement factor, since  is mediated also by the .  
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Figure 5.3: Enhancement factor for real (a) and imaginary (b) part of the nonlinear refractive index , 

obtained employing ellipsometry measurements of liner refractive index for a 900 nm-thick AZO film 

( ). Here, black dashed lines represent the ENZ wavelength. 

However, following the preliminary consideration presented above, it is worthy to 

investigate those combinations pump-probe wavelengths which maximize the 

enhancement factor (e.g.,  1500 nm and  ). Moreover, another 

optical process which we believe could be observed in TCOs materials is the broadening 

and compression of the spectral bandwidth of an optical signal, induced by the ultrafast 

variation of the refractive index under pump excitation. This effect is directly linked to 

the concept of time-varying surface explained in section 5.1.2 and it have been already 

theoretically explored [134,149]. 

 Another good opportunity for making a good use of TCOs nonlinearities could be 

the design of frequency-resolved optical gating (FROG) systems. In FROG technique, 

the pulse gates itself via nonlinear optical interactions, allowing to measure pulse 

duration, spectrum and spectral phase of ultrashort laser [128]. Most common FROG 

configurations relay on second- and third- harmonic generation generated by thin second- 

and third- order nonlinear crystals, respectively, and optical Kerr effects produced by  

media. Being TCOs third-order nonlinear materials, our FROG would exploit the high 

nonlinear refractive index exhibited for degenerate pump excitation or, alternatively, 

third-harmonic generation processes, which have been observed in ITO thin films and 

reported in literature [143]. Although third-order nonlinear processes are generally much 

weaker than  effects, which provide high-sensitivity measurements, the use of TCOs 

still could be convenient for the realization of a FROG apparatus with working range in 

the near infrared, where TCOs nonlinearities are maximized. Moreover, the relative low 
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cost of fabrication of metal oxide, if compared with most common  nonlinear crystals, 

would allow for the development of low-cost FROG systems. 

 Finally, efforts should also be devoted to improving the material model used to 

investigate the carrier dynamics in TCOs. This is of paramount importance to enlarge our 

knowledge about the complex structure of this class of materials and to fully exploit their 

potentials. In particular, the evaluation process of the refractive index could be refined by 

including the Kramers Kronig relations in our calculation. In this way, coupling real and 

imaginary part of  via Kramers-Kronig would drastically increase the reliability of our 

numerical method presented in section 3.4, 

wavelength regions yet to be experimentally explored. 

5.3 Conclusions 

 In conclusion, I have presented and discussed the results of my doctoral research 

about optical nonlinearities in transparent conductive oxides in the epsilon-near-zero 

regime and their application in dynamic tunable nanocavities. Nonlinear optical 

characteristics of TCOs have been extensively studied by means of pump and probe 

technique in various alterations, such as in the degenerate and two-colour configurations. 

These two specific experimental schemes allowed to explore nonlinear regimes where the 

nonlinear optical response of the material can be enhanced or dynamically engineered. 

 Degenerate optical excitation of AZO unlocks nonlinearities which are larger 

than those showed by employing non-degenerate excitation. In particular, we measured 

enhancement of the nonlinear Kerr coefficient by over one order of magnitude and sixfold 

increase of the third-order nonlinear susceptibility, when compared with the non-

degenerate case [102]. Moreover, the difference in wavelength between the maximum of 

 and the minimum  defined two operational regimes which allowed for the 

modulation of either the amplitude or the phase of an optical signal.  

 An additional degree of freedom in the manipulation of optical signals was also 

provided by two-colour nonlinearities in AZO films. Thanks to the observed ultrafast and 

algebraically summable nonlinear effects, it was possible to dynamically control the 

material refractive index, induce an ultrafast wavelength shift of an optical signal, and 

enlarge the material bandwidth up to  2.2 THz. These remarkable capabilities could 

enable several applications in signal processing, optical metrology and ultrafast optics, 

such as all-optical XOR gate, THz physics, and ultrafast all-optical telecom devices. 
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 By the end of my thesis, optical nonlinearities of TCOs thin films have been 

proposed to control the spectral resonances of Fabry-Perot nanocavities. Employing 

degenerate pump excitation, we induced ultrafast wavelength shift of cavity modes up to 

15 nm and ON/OFF modulation of the transmitted optical signal up to 80 %. The device 

capabilities were addressed to a 70 nm-thick GZO film included into the cavity. In 

addition, to gain another degree of freedom in the design of nanocavities without 

changing geometry or constituent materials, we embedded a plasmonic metasurface, 

which shifted the device resonances of about 150 nm. Tunable properties of the Fabry-

Perot nanocavity with TCOs embedded could pave the way for the design of new tunable 

nanophotonic devices assisted by TCOs nonlinearities.  

 The notable performance of TCOs-based devices and nonlinear properties of 

TCOs could provide intriguing applications. Some of them have been preliminary 

investigated, as in the case of the photonic conversion of NIR pulses into VIS pulses, or 

the induction of a time-varying gradient to generate dynamic beam steering and to design 

non-reciprocal systems. Such processes could benefit and being optimized thanks to 

further analysis of the material nonlinear response for unexplored pump and probe 

wavelengths, as showed by simple considerations on the factor enhancement of the 

nonlinear refractive index of the material. 

 All the results presented in the present thesis witness many fundamental reasons 

why TCO-based technology is appealing for the design of new ultra-fast nano-photonics 

devices, which entirely relay on the ENZ regime, without the necessity of employing 

nanostructured materials. 
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