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Abstract 

 
Transparent Conductive Oxides (TCOs) are inorganic materials that 

simultaneously exhibit both optical transparency and electrical 

conductivity. TCOs are currently being employed as top electrode in 

a large number of optoelectronic devices. Recent developments in 

TCOs have shown their feasibility as active layers for solar cells, light 

emitting diodes, thin film transistors, optical and electrical sensors and 

plasmonic devices. However, these developments are based on 

individual devices fabricated from different materials and 

technologies. The possibility to use these materials in integrated 

optoelectronics is a high-tech solution to perform advanced 

functionalities together with efficient energy consumption for the 

microelectronics industry. One interesting possibility is using  TCOs 

as host matrix for rare earth (RE) atoms, whose intra-atomic 

transitions benefit from a narrow and well-defined emission spectrum. 

Their emission can be modulated by selecting the adequate RE 

species, being Er typically used for telecommunication wavelengths 

or Ce, Tb and Eu for visible range applications. 

 

Nowadays, resistive switching materials are providing a solution to 

the fast scaling in micro- and nano-electronic devices as resistive 

random access memory (ReRAM) thanks to the possibility to switch 

between two different resistive states, high resistance state (HRS) and 

low resistance state (LRS), when a voltage is applied. This resistive 

switching has its origin in the creation and destruction of conductive 

paths, mainly promoted by either metal diffusion from electrodes or 

valence change mechanism. Among the different materials that 

exhibit this resistive switching properties, metal oxides take 

advantage of the diffusion of oxygen ions for promoting the 

generation of oxygen vacancies, consequently inducing the formation 

of the conductive paths. The excellent electrical conductivity of TCOs 

in pristine state seems the main drawback for resistive switching 

applications; however, these compounds can become insulators using 

the appropriate fabrication process. Thus, the control of the 

conductivity of these metal oxides (i.e., the control of their 

stoichiometry) could be employed for using them as active layers for 

resistive switching applications, or as transparent electrodes in 

optoelectronics applications. 
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In this Thesis, both electro-optical and resistive switching properties 

of different materials have been explored. The first material studied in 

this Thesis consists of silicon-aluminum oxynitride (SiAlON), whose 

controlled stoichiometry modification and the incorporation of RE 

ions as luminescent centers were carried out. In this case, the material 

exhibits excellent optical properties, showing emission from the RE 

species. Moreover, SiAlON presents also good resistive switching 

properties, in which the formation mechanism of conductive paths has 

been studied at the nanoscale by transmission electron microscopy. 

This material was also explored by stacking Al-Tb/SiO2 nano-

multilayers via electron beam evaporation. This deposition 

methodology demonstrated the incorporation of RE ions into the SiO2 

layers, exhibiting both photoluminescence (PL) and 

electroluminescence (EL) from the Tb3+ ions. In addition, this 

material is also showing resistive switching properties under specific 

voltage excitation. 

 

The other material studied in this Thesis is ZnO. In this case, this 

material was employed both for hosting RE ions and as a transparent 

electrical contact. Ions like Tb and Eu were used to determine their 

compatibility with the ZnO active layer, obtaining excellent results in 

terms of emission. In addition, this metal oxide presents also good 

resistive switching properties with and without the inclusion of the RE 

species. In fact, the incorporation of Tb ions was found to modify the 

resistive switching properties, which permitted studying their 

influence over the oxygen diffusion during the creation of the 

conductive paths. Furthermore, ZnO has been combined with an 

active layer of silicon nanocrystals, in order to analyze the ZnO 

properties as a top transparent contact. The EL emission obtained 

from ZnO/Si NCs/p-type Si devices confirms the viability of 

employing ZnO as n-type transparent electrode. Moreover and thanks 

to the resistive switching properties of Si NCs inside SiO2, these 

devices also permitted analyzing the light emission in different 

resistive switching states, opening the possibility to fabricate resistive 

switching devices, whose resistive state can be read both electrically 

and optically.      
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1. Introduction  
 

 

“Because it is so clear, it takes a long 

time to realize it. If you immediately 

know the candlelight is fire, the meal 

was cooked a long time ago” 

 

Oma Desala 

 

 

Since the development of electronics during the second half of the past 

century, silicon (Si) became the most employed semiconducting 

material due to its excellent physical properties [1, 2]. With its rather 

low-energy band gap (1.12 eV, near infra-red) Si exhibits a high 

conductivity. Its mechanical and thermal stability, in part attributed to 

a high crystalline quality of its zinc-blende structure, added to its non-

toxicity, Earth-abundance (Si is the second chemical element in the 

Earth’s crust after oxygen) and mining easiness, makes Si an optimum 

material for manipulation and mass-scale production. Indeed, the 

present microelectronics industry is based on Si, and industrial 

fabrication processes are well developed on very large scale. 

 

Recently, the demand for faster interconnections and lower 

transmittance medium dependence has led to a dramatic change and 

development of the field of photonics, in which the main data 

transport takes place via photons instead of electrons. The need for 

non-material based (i.e., less susceptible to heat losses) connections 

has made way to the use of light through the so-called photonic 

integrated circuits (PICs), where the basic device components must 

transmit, emit and/or sense photons in a controlled way. This 

accomplishment would be a revolution in data computing and 

communications, providing to the industry a most promising low-cost 

technology for telecommunications, optical sensors and even 

biosensing applications [3–6]. 

 

The compatibility with the complementary metal-oxide-

semiconductor (CMOS) technology is required to take advantage of 

its excellent fabrication reliability, together with the direct integration 
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with other components. Therefore, the role of optoelectronics, i.e., the 

development of devices able to efficiently convert photons to 

electrons or vice versa, has acquired a great relevance for 

semiconductors industry, and the search for novel materials able to 

provide such efficient electron-to-photon conversion has been 

boosted. In this way, photonic devices have been developed like 

optical modulators [7], photodetectors [8] or light emitters [9] in the 

long-distance data transmission windows, which ranges between 1300 

nm and 1550 nm of wavelength. In the visible range, light emitting 

devices have undergone an important evolution along decades with 

the light emitting diodes (LEDs), recently completing all the visible 

spectrum with the fabrication of the blue LED [10]. Unfortunately, the 

indirect nature of the bulk Si band gap states a bottleneck for an all-Si 

based photonics and optoelectronics, because the fundamental 

valence band (VB)-to-conduction band (CB) transition is strongly 

quenched due to the mismatching in wavevector in the reciprocal 

space. Different solutions for silicon-compatible light emitters have 

been proposed using metal oxides [11, 12], combining the properties 

of SiO2 and Si3N4 within silicon oxynitrides [13], doping the materials 

with rare earths (REs) [14, 15] or nanostructuring Si to improve its 

optical properties [16, 17]. 

 

Nowadays, the poor energy efficiency of CMOS transistors and the 

fast scaling in memories are considered a serious drawback within the 

new era of big data and Internet of Things. This fact leads to the search 

of a new generation of ultra-low-power nanodevices to overcome this 

important challenge that the electronics industry faces. Resistive 

switching (RS) memories or resistance random access memories have 

become a solution for the next generation of nonvolatile memories 

thanks to their low-power operation, high switching speed and 

compatibility with the CMOS technology. There are many different 

binary compounds that are currently under study for being used as 

resistive switches, such as metal oxides and refractory materials like 

TiO2, SnO2, HfO2, Ta2O5, and ZnO, among others. They have shown 

resistive switching response by forming Metal-Insulator-Metal 

(MIM) structures, where the metals are typically Ni, Al, Cu, Ag or Ti 

[18–26].  

 

Thus, earth abundant metal oxides and/or refractory materials, which 

are compatible with the CMOS technology, would allow developing 
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new devices and functionalities by the integration of electronic and 

photonic devices within the same chip. With the aim of developing 

the bases of a new technological platform that combines both ReRAM 

and electroluminescent devices, concepts and materials (on which this 

Thesis is focused) are introduced in the following subsections, in 

order to understand the fundamentals that govern them. In addition, 

the objectives pursued in this Thesis are enumerated at the end of this 

chapter. Finally, the contents of the different chapters of this Thesis 

are briefly summarized. 

 

1.1. Metal Oxides  
 

Beyond the hydrogenated amorphous silicon, which has been the most 

employed semiconductor in microelectronics, metal oxides (MOs) 

have been widely studied in order to overcome drawbacks like the 

optical opacity, mechanical flexibility or the low carrier mobility 

(around 1 cm2 V-1 s-1) that it exhibits. The first thin-film transistor 

(TFT) based on MO was reported in 1964 using SnO2 [27], whose 

performances were enhanced in following studies [28]. Other TFTs 

were also reported based on polycrystalline MO materials like In2O3 

[29] or ZnO [30]. Amorphous MO semiconductors were also 

implemented, being one of the most interesting application the 

utilization of In-Ga-Zn oxide as active-matrix in displays [31]. The 

fact that many MOs present energy gaps larger than 3 eV is suitable 

for optical application due to the transparency in the visible range that 

these materials present. As well, electron mobility (µe) in MOs shows 

a power law dependence on the dielectric constant of the applied 

insulator gate [32]. This fact has been employed in the case of ZnO 

grown by radiofrequency magnetron sputtering, increasing the µe 

from 1.2 cm2 V-1 s-1 to 50 cm2 V-1 s-1 using Ta2O5 as gate insulator 

[33]. However, the carrier density can be difficult to control because 

of the large number of oxygen vacancies typically observed in MOs. 

 

Other MOs, also of great interest, are the so-called transparent 

conductive oxides (TCOs). These materials are MOs that exhibit 

wide-range optical transparency due to its high energy band gap, 

while simultaneously presenting electrical conductivity. Oxides like 

In2O3, SnO2 or ZnO have shown to be suitable as TCO, being 

implemented in a lot of transparent devices. The introduction of 

dopant ions can increase the optical band gap due to the Burstein-
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Moss effect, in which the states close to the conduction band are 

populated, thus obtaining a degenerated semiconductor and, 

consequently, increasing the energy band gap. The electrical and 

optical properties of TCOs depend on the electron concentration (N) 

and µe, shifting to shorter wavelength when N increases. However, in 

solar cell application, in which TCOs are employed as transparent 

electrode, a high carrier mobility with low N is preferable. Typically, 

doping has been the employed technique to increase N, but recently, 

epitaxy-grown SrVO3 and CaVO3 films have presented high 

conductivity and transparency, even at high values of N > 2.2×1022 

cm-3 [34]. One of the most employed TCO is indium tin oxide (ITO), 

which exhibit very low resistivity (about 10 Ω sq.-1) and an excellent 

optical transparency due to its  ~4.0 eV of energy band gap. 

 

Metal oxides have also demonstrated to be excellent host matrices for 

rare earth ions. Different studies have reported light emission from the 

rare earth in metal oxide matrices like Al2O3 [35, 36] or ZnO [37–39], 

presenting excellent optical properties compared to SiO2 one [40–42]. 

The differences in the band gap and their electrical properties have 

made these MOs of great interest to optimize the efficiency of these 

rare earths as luminescent centers. Moreover, some MOs are suitable 

for random access memories, in which different resistive states of the 

material can be selected. Both rare earth atoms and the resistive 
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Figure 1.1. Energy band gap versus dielectric constant of different oxides and 

nitrides. 
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switching properties will be introduced in the following subsections 

of this chapter. 

 

Great efforts have been made to implement and understand MOs 

within the optoelectronics industry, demonstrating good advances in 

the past years. The integration of TCOs as transparent electrode in 

photovoltaics and light emitters and the possibility to be employed as 

host matrix for rare earth atoms has opened the possibility to develop 

transparent devices for several applications. In addition, the fact that 

the electrical and the optical properties of MOs can be tuned via the 

incorporation of some dopants or using their resistive switching 

properties, confirms the potential of these materials as the new 

generation of devices. 

 

1.2. Rare Earths 
 

Rare earths (REs) atoms, which belong to the lanthanide and actinide 

families, exhibit particular optical properties due to their intra f-shell 

transitions [43]. The 4- or 5f N energy levels arise from different 

atomic interactions as a result of solving the Schrödinger equation. In 

the case of an individual RE atom, its Hamiltonian can be written as 

an isolate ion with some perturbations expressed by 

 

𝐻(𝑡) = 𝐻0 + 𝑉𝑅𝐸−𝑚𝑎𝑡𝑡𝑒𝑟 + 𝑉𝐸𝑀(𝑡) + 𝑉𝑅𝐸−𝑅𝐸(𝑡), (1.1)  

 

where H0 is the Hamiltonian of an isolated ion, VRE-matter the 

Hamiltonian attributed to the effect of the local environment on the 

RE, VEM is the electromagnetic field influence and VRE-RE the 

interaction between neighboring RE ions. The two first terms are time 

independent and result in the observed electronic structure of the RE 

atom. The other terms are time dependent and give rise to transitions 

between the states established by the static interactions. When these 

atoms are in the trivalent state, well-resolved and efficient electronic 

transitions can take place, presenting very low electron-phonon 

coupling. This optical activation is suitable to absorb and emit photons 

when ions are conformed in a pseudo-octahedral structure with C4V 

symmetry into the host matrix [44]. Once electrons are promoted to 

other energetic levels, the de-excitation occurs emitting photons, 

whose energies are well defined and depend on the specimen. The 

dynamics of this process is typically around some milliseconds, being 



1. Introduction 

18 

 

strongly dependent on the non-radiative processes induced by a local 

environment [45]. 

 

The narrow and intense emission of these transitions has attracted the 

attention of researchers to be employed as luminescent centers. 

Depending on the selected RE, a wide range of wavelengths can be 

obtained, being the 1.54-µm line of Er3+ ions one of the most 

interesting ones for the possibility to work in the integrated 

telecommunication windows [46]. Visible range has also been 

benefited due to the possibility to cover all spectrum with different 

colors; blue (Ce3+ and Tm3+) [47–49], green (Tb3+ and Er3+) [48–52], 

yellow (Dy3+) [49, 53], orange (Sm+3) [54] and red (Eu3+) [52, 54], 

being their implementation in displays the most promising application 

[55]. In the Figure 1.2, a representation of the energetic levels of 

different REs is shown. 

 

 
 

Figure 1.2. Energy level diagram of trivalent RE ions with dominant visible 

emission transitions observed in silicate glasses designated by arrows 

representing the approximate color of the luminescence. Horizontal lines 

extending across the diagram designate the location of common organic label 

excitation sources labeled by the wavelength in nm. The 365-nm line was used 

to excite the RE ions [122]. 
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Several fabrication processes, compatible with the CMOS technology, 

have been used to develop RE-doped luminescent materials. In order 

to obtain a homogeneous distribution of REs into the host matrix, 

techniques like co-sputtering and co-evaporation have been 

commonly employed, in which the host matrix and the RE are 

simultaneously deposited from different targets at different deposition 

rates [56]. Other solution consists in using a single target that has been 

previously synthetized as a mixture of both RE and host matrix 

material in the adequate relative composition [54, 57]. A similar 

strategy uses the pulsed-laser deposition (PLD) technique, in which 

targets are ablated by the energetic pulse of a laser. Chemical 

deposition methods have also demonstrated to be an efficient, cheap 

and low-temperature doping technique, in which this doping takes 

place as a results of chemical reaction; sol-gel is the most common 

one, where the RE atoms are typically introduced via dissolution of 

corresponding inorganic salts [58, 59]. 

 

Sometimes, an annealing process is required for the optical activation 

of the REs, achieving the correct conformation in the local 

environment. In addition, the large size of this kind of atoms induces 

some local defects, which influence directly on the conformation of 

the RE ions. These defects can be also generated during the doping 

process, especially if the introduction of the REs is aggressive, such 

as in ion-implantation doping method [60]. In these cases, the thermal 

treatment can reduce these defects by structural reordering. 

 

One of the key points for obtaining optical emission from the REs is 

to avoid non-radiative processes. This effect occurs when an energy 

transfer assisted by a phonon takes place between the RE atom and 

either the host matrix or another RE atom. The dynamics of these 

processes can be rapid and efficient if the electronic energy separation 

is close enough. In the case of high concentration of REs, the VRE-RE 

interaction of the equation (1.1) plays an important role. This 

interaction can occur in different forms. The first one is related to the 

cross-relaxation process. When the energy transfer occurs from an ion 

at an excited state (donor) to another ion at a lower energy state 

(acceptor), a phonon can be involved if there is an energy mismatch 

between the energy gaps of both ions. Another possibility is the 

energy transfer up-conversion, in which both ions are initially excited 

and an energy transfer is carried out from the donor to the acceptor, 
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thus promoting the acceptor ion to a higher energy state. The energy 

transfer of this ion, when relaxed to the ground state, can be higher 

than the obtained one from the donor ion. If the RE concentration is 

high enough, clustering can occur [61, 62]. This effect is attributed to 

the fact that RE ions need a coordination with non-bridging oxygens, 

but the host matrix is not able to supply all of that, increasing the 

enthalpy of the system. Consequently, RE ions tend to share these 

non-bridging oxygens, reducing this enthalpy. Different strategies 

have been explored to increase the solubility of REs ions into the host 

matrix [63, 64]. The most interesting consists in the introduction of 

metallic atoms inside the host matrix, such as Al [65, 66]. The 

formation of RE-Al complexes provide valence compensation of the 

RE ions for three substitutional Al ions. This effect can increase the 

number of optically-active RE ions, enhancing the efficiency of the 

luminescence. 

 

In order to increase the excitation efficiency of REs, different 

strategies have also been explored. Typically, RE excitation can be 

obtained either via direct excitation using the same energy than the 

intra f-shell transition in the RE (resonant condition) or via energy 

transfer from excitons towards the material (non-resonant condition). 

In this second case, different kind of donor centers can be employed, 

being normally the own host matrix the main responsible of this 

energy transfer [47, 67]. However, the introduction of other elements 

such as other RE species has been used to induce alternative energy 

transfer processes. In the case of Tb and Eu co-doped ZnO thin films, 

an energy transfer from Tb3+ ions to Eu3+ ion has been observed [37], 

in which the energy emitted by the 5D4  7F6 radiative transition of 

Tb3+ is absorbed by Eu3+ ions, thus inducing the 7F6  5D1 transition 

of the latter. 

 

Different Si-based matrices have been employed like SiO2 or Si3N4, 

being the former the most employed one due to the low fabrication 

cost and the large band gap energy (9 eV) that it exhibits [68]. 

However, Si3N4 has become a promising candidate as RE host matrix 

in optoelectronic devices for its excellent electrical properties. In spite 

of presenting lower band gap energy (5 eV), charge injection is easier 

than in SiO2, being more suitable to obtain electroluminescence from 

REs with low energetic photons emission, like Er3+ ions, which emits 

in the near infrared (NIR) [42, 69]. In this way, other metal oxides 
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have also been explored as RE host matrices like Al2O3 [70, 71], TiO2 

[72, 73], even polymeric matrices, offering a low-cost alternative 

inorganic waveguide amplifiers [74, 75]. In addition, this matrix has 

also been used to host Ce3+ and Tb3+ ions, whose emission lies within 

the visible range [76]. Strong emission from Tb3+ ions was also 

observed in Tb-doped Si-rich oxide under the presence of Si-NCs. In 

samples annealed at low temperature, in which Si nanostructures have 

not yet been formed, no emission from intra f-shell transitions of the 

RE was observed. However, Tb3+ emission suddenly increases after 

the Si-NCs formation, once the samples were annealed at high 

temperature. Similar situation was observed in the case of Ce-doped 

Si-rich oxide, observing an enhancement of the RE emission at high 

temperature. 

 

1.3. Silicon Nanocrystals  
 

As it has been mentioned, silicon presents poor light emission 

properties due to the indirect band gap that it presents. This fact 

decreases substantially the band-to-band transition probability 

because of the change in the wavevector because of lattice phonon 

generation. The energy band gap of this transition corresponds to 1.12 

eV, which is located in the NIR, avoiding the visible range (1.77 – 3.1 

eV) and the third window of telecommunication (0.8 eV). These 

optical properties have become the main drawback to use Si for 

optical applications. However, when Si is nanostructured quantum 

confinement takes place. Consequently, carrier confinement is 

maximized in a small spatial region, which strongly reduces the 

probability of non-radiative recombination and, therefore, it increases 

the radiative recombination probability by delocalization of the 

wavefunction in the momentum space, which in turn induces electron-

hole wavefunction overlap. In addition, a blue-shift emission towards 

the visible range is achieved, which depends on the Si-NC size. 

 

In a perfect crystal, the potential associated to a particle into this 

structure can be described as a periodic function due to its 

translational symmetry. Hence, the wavefunction represented in the 

reciprocal space is called Bloch function and corresponds to: 

 

Ψ(𝑠) = 𝑒𝑖�⃗⃗�·𝑟𝑢(𝑠) ,       (1.2) 
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being 𝑢(𝑠) a function with the period of the lattice structure and �⃗⃗� the 

wavevector. In the case of an infinite lattice, the allowed energy states 

𝐸𝑛 of these particles can be obtained through the Schrödinger 

equation: 

 

𝐻(𝑠)𝛹𝑛(𝑠) = [
|�⃗�|2

2𝑚
+ 𝑊(𝑠)] 𝛹𝑛(𝑠) = 𝐸𝑛𝛹𝑛(𝑠) ,  (1.3) 

 

where 𝐻(𝑠) operates as Hamiltionan, which describes the kinetic and 

potential energies of the particle, with momentum p and mass m. 

Solving the Eq. (1.3), the obtained energy can be expressed as: 

 

𝐸𝑛(�⃗⃗�) =
ℏ2

2𝑚∗
(𝑘𝑥

2 + 𝑘𝑦
2 + 𝑘𝑧

2) ,            (1.4) 

 

being ℏ the reduced Plank’s constant and 𝑚∗ the effective mass of the 

carriers. However, when the crystal is nanostructured, and then it is 

no more considered infinite, this translational symmetry is lost and the 

boundary conditions must be taken into account. In the case that one 

lateral dimension of the crystal is reduced to some tenths of the lattice 

parameter (what is called a quantum well), the need to keep 

continuous both the carrier wavefunction and its derivative at the 

boundaries implies a discretization in the energetic states in the 

confinement direction in the form of  

 
 

Figure 1.3. (left) Scheme of the band diagram showing the discrete and higher 

energy levels within the quantum well with thickness t. (right) Representation 

of the energy bands at different states n as a function of the quantum well 

thickness. 
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  𝐸𝑛(�⃗⃗�) =
ℏ2

2𝑚∗ (
𝑛2𝜋2

𝑡2 + 𝑘𝑦
2 + 𝑘𝑧

2) ,       (1.5) 

 

where 𝑛 is the energetic level and 𝑡 the size of the crystal in the 

corresponding direction (x in this case). As a consequence, the energy 

band of electrons and holes are shifted with respect to the minimum 

of the CB and the maximum of the VB, respectively. This shift 

increases the band gap energy and it depends on the thickness of the 

quantum well (see Figure 1.3). This effect can be extended to the other 

directions, having 1-dimentional quantum wires (x,y-confinement) or 

0-dimentional quantum dots (x,y,z-confinement). Hence, the band gap 

energy of a nanostructured crystal can be expressed as the band gap 

energy of the bulk material with energy perturbations related to the 

quantum confinement of the electron and hole energy bands, such as 

it is expressed in: 

 

  𝐸𝑔,𝑐𝑜𝑛𝑓 = 𝐸𝑔,𝑏𝑢𝑙𝑘 + ∆𝐸𝑒,𝑐𝑜𝑛𝑓 + ∆𝐸ℎ,𝑐𝑜𝑛𝑓 .           (1.6) 

 

In the case of Si-NCs, which are quantum dots (QDs), many 

researchers have experimentally determined that this band gap energy 

can be expressed as: 

 

  𝐸𝑔,𝑄𝐷 = 𝐸𝑔,𝑏𝑢𝑙𝑘 +
𝐴

𝑑𝑁 ,         (1.7) 

 

in which the variation of the band gap is governed by a power law of 

the nanocrystals diameter [77–79]. Such as it is expressed in the Eq. 

(1.5), the theoretical value of n should be 2; however, lower values 

have been reported [80]. These discrepancies can be related with the 

presence of stress induced by the host matrix in which the 

nanocrystals are embedded, modulating the band gap energy. Ab-

initio calculations have corroborated this hypothesis, obtaining good 

agreement with experimental results [81–83].    

 

Light emission in the visible range from Si-NCs was observed and 

reported in 1988 by Furukwa and Miyasato [84], who also determined 

the optical band gap energy modulation as a function of the Si-NC 

size. Similar optical properties were observed by Canham in 1990, 

who published photoluminescence in the visible range from 

mesoporous Si [85]. In this case, the pore width played the role of Si 
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quantum wire diameter, whose modification induced the shift of the 

peak emission. These optical properties have opened the possibility to 

introduce Si in optoelectronic applications, which have been since 

long governed by III-V semiconductor materials due to their better 

optical properties. 

 

These Si-NCs properties have also been employed in light emitting 

devices using metal-insulator-semiconductor (MIS) structures, being 

the Si-NCs embedded in the insulator layer. Dielectric materials like 

SiO2 or Si3N4 have demonstrated to be good host matrices for these 

nanostructures; however, the high current requirement for the 

luminescent centers excitation is a drawback for carrier injection, 

consequently achieving power efficiencies lower than 1 % [86]. In this 

case, the charge transport mechanism that governs the device can be 

crucial in the excitation of Si-NCs. For example, defective matrices 

like Si3N4 present a charge transport via defects [87], while tunnel 

injection transport is typically reported on SiO2 [88]. These transport 

mechanisms and the subsequent electroluminescence of the Si-NCs 

have been largely investigated during the last years, being nowadays 

still under discussion.        

 

Different fabrication techniques have been employed for the Si-NC 

synthesis, in which an extra Si content in an oxide is the key for its 

formation. This non-stoichiometry is typically achieved either via Si 

ion implantation on stoichiometric SiO2 film or growing directly Si-

rich SiOx. The control of the Si-NC size and its crystalline degree lies 

in this non-stoichiometry and the post annealing treatment [89, 90]. It 

is in this post thermal process when the formation of these 

nanostructures takes place, via Si precipitation in the form of 

nanoaggregates. Annealing temperatures around 900 °C can promote 

the formation of these nanostructures in amorphous state; however, 

higher temperatures induce their crystallization. In the case of the 

multilayered structure, in which SiOx/SiO2 stacks are sequentially 

deposited onto the substrate, SiO2 layers act as Si diffusion barrier, 

limiting the growth of the Si-NCs. Other materials were also 

employed as diffusion barriers using this approach, such as Si3N4 [91, 

92] and SiC [78, 93]. 
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1.4. Resistive Switching  
 

The increasing necessity to store more information in integrated 

circuits is being an important drawback in the microelectronics 

industry. Different random access memories (RAMs) have been 

developed using physical properties like magnetic tunnel junctions in 

magnetoresistive RAM (MRAM) or phase-change RAM (PRAM), in 

which the resistance changes due to the switching between amorphous 

and crystalline states. However, a new candidate called resistance 

RAM (ReRAM) has emerged and is being largely studied for its 

interesting electrical properties. In this kind of devices, the resistance 

can be modified thanks to the formation of conductive paths in the 

form of conductive nanofilaments (CNFs) across an insulating layer, 

thus connecting the two sandwiching electrodes. The formation of 

these CNFs takes place due to the electrical stress of the layer, which 

induces a partial breakdown of the insulator. This first formation 

(Electroforming) has to be accurate for an adequate operation of the 

device. Sometimes, this process occurs abruptly and an external 

current limitation is required to avoid permanent damage by setting a 

current compliance (CC). The possibility to dissolve or interrupt these 

CNFs allows these devices to switch between two resistance states, 

high resistance state (HRS) and low resistance state (LRS), depending 

on whether the CNFs are interrupted (Reset) or reconnected (Set), 

respectively. 

 

In 1962, Hickmott observed hysteretic I(V) curves in metal-insulator-

metal (MIM) made of Al/Al2O3/Al, suggesting this kind of behavior 

[94]. During the next years, other similar studies were also reported in 

other metal oxides like SiO and NiO [95, 96]. In 1971, Chua published 

an article theorizing this behavior [97], but it was in 2002 when the 

Sharp Corporation and the University of Houston demonstrated a thin 

film  ReRAM  based on CMOS technology using Pr0.7Ca0.3MnO3 [98], 

and two years later, Samsung did it using transition metal oxides [99]. 

Since then, a lot studies using different materials have been presented 

and the mechanism of resistive switching has been investigated both 

experimentally [100, 101] and theoretically [102, 103].  
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In terms of the I(V) characteristics, two kind of behaviors have been 

observed, unipolar and bipolar. In the first one, the resistive switching 

does not depend on the polarity of the applied voltage, being only the 

amplitude the critical parameter. In contrast, in bipolar resistive 

switching, a specific voltage polarization is required to change 

between resistance states. In the Figure 1.4, both modes are schemed, 

in which the arrows represent the evolution of the voltage ramps along 

the whole resistive switching cycle. Regarding the mechanism that 

governs the resistive switching process, this phenomenon can be 

classified depending on the mechanism of the conductive path 

formation. One possibility is metal diffusion, in the form of filament, 

from the electrode into the insulator, called electro-chemical 

metallization (ECM). In this case, a metallic electrode is required and 

it is typically observed in MIM devices. Hirose, in 1976, reported for 

the first time this effect using Ag-photodoped amorphous As2S3 as 

insulator [104]. In this case, the Reset was achieved by the dissolution 

of this metal filament at the edge. This switching effect is observed in 

materials that are cation conductors such as Ag in Ag2S or in GeSex 

[104], Cu in Ta2O5 [105], or Zn and Cd in WO3 and SiO2 [106, 107]. 

Another possibility consists in the valence change mechanism 

(VCM), in which the conductive filament is formed due to the 

 
 

Figure 1.4. The two resistive switching modes. In Unipolar switching, Set and 

Reset occur at the same electrical polarity. However, in Bipolar, an opposite 

electrical polarity between the Set and the Reset is required for the resistive 

switching effect to take place. The ICC denotes the compliance current needed 

to avoid permanent damage. 
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formation of defective paths into the material. This kind of behavior 

is particularly observed in transition metal oxides, being oxygen 

vacancies the responsible of these conductive paths for the migration 

of the oxygen ions. When an opposite voltage is applied, oxygen ions 

can be recovered by the vacancies, inducing the reoxidation of the 

metal and, consequently, achieving the HRS. Resistive switching of 

metal oxides like Ta2O5, Nb2O3 or TiO2 have been reported, 

demonstrating this same behavior [108–110]. 

 

The most common employed materials in resistive switching 

applications are metal oxides. Despite some of them are governed by 

the ECM mechanism when metallic electrodes are used, the VCM is 

typically the main mechanism in this kind of materials. The Figure 1.5 

describes, step by step, a complete resistive switching cycle, where 

both LRS and HRS states and the different processes of 

Electroforming, Set and Reset are represented. In this case, when a 

positive voltage is applied on the electrode of a pristine device, 

oxygen ions drift towards this electrode, leaving behind oxygen 

vacancies. These defects form the CNFs, connecting both electrodes 

and thus inducing the LRS. When a negative voltage is applied, 

oxygen ions drift to the oxide layer, oxidizing part of the CNFs near 

the electrode. Therefore, the CNFs are interrupted and the device 

recovers its HRS because of the metal oxide gap between the electrode 

and the rest of the CNFs. At this point, the LRS can be again achieved 

applying a positive voltage that induces the reconnection of electrodes 

via the generation of oxygen vacancies in the mentioned gap. 

Sometimes, these oxygen ions can be accumulated at the interface 

between the electrode and the metal oxide in the form of O2 gas due 

to the oxygen ion neutralization when contacted with a metallic 

electrode. If this gas eruption is strong enough, the electrode can 

suffer some mechanical deformations, typically resulting in a bubble-

like shape. 

 

Since the realization of the first memristor, the resistive switching 

effect has been extensively studied in the case of oxides, due to the 

structural nature of such materials. In particular, several works have 

been recently reported on different metal oxides, such as transition 

metal oxides and refractory materials like TiO2, SnO2, HfO2, Ta2O5, 

and ZnO, some of them in combination with suitable metallic 

electrodes, typically based on either Ni, Al, Cu, Ag or Ti [18, 21, 23]. 
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Within the oxide materials group, ZnO, SnxO2 and ITO (In-doped 

SnxO2) require a particular mention, since they have proved to exhibit 

both optical transparency and high conductance, being thus candidates 

as TCOs. Another interesting system, compatible with the CMOS 

technology, is Si-NCs/SiO2 or, more in general, Si-rich oxide [111]. 

The ability to tune the Si excess in a controlled way during the 

material processing offers the possibility of attaining different 

configurations for CNF formation, whose effect on the electrical 

properties of the system can thus be analysed. 

 

1.5. Objective of the Doctoral Thesis  
 

As it has been already mentioned in this chapter, electronics industry 

has been focusing its attention on the integration, within the same 

chip, of electronic and photonic functionalities. Materials like TCOs 

have demonstrated to have excellent properties when working as 

transparent contacts. The implementation of this kind of electrodes 

has been largely employed in light emitting and photovoltaics, being 

their function optically passive. However, these materials can be 

optically active under specific fabrication and working conditions, 

presenting either band-to-band or defective emission. These 

properties can be combined with other materials that present resistive 

switching properties, which could modulate the current injection. In 

 
Figure 1.5. Sketch Sketch of a resistive switching device structure, showing the 

different steps and states along a cycle. In Pristine state, the material does not 

undergo any structural modification. In the Electroforming process, negative 

oxygen ions drift towards the top electrode while generating oxygen vacancies. 

The LRS is attained once the CNF is formed by the previously generated oxygen 

vacancies. In the Reset process, negative voltage is applied on the top electrode, 

inducing the diffusion of oxygen ions back to the insulator, which occupy the 

oxygen vacancies. The HRS is achieved when the CNF is interrupted close to 

the electrode. Finally, the Set process takes place after applying a positive 

voltage on the electrode, promoting again the oxygen ion diffusion and 

reconnecting again the CNF to the electrode. 
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addition, they can also be doped with REs or including Si-NCs for 

exhibiting luminescent properties. These impurities or luminescent 

centers could play an important role in the electrical properties, event 

influencing on the resistive switching mechanism. Hence, the 

objective of this Doctoral Thesis is to study optoelectronic materials 

to be employed in both light-emitting and resistive switching 

applications, and to explore the possibility of combining both 

functionalities. The possibility to achieve a ReRAM, compatible with 

the CMOS technology, that can be read both electrically and optically, 

could open a new generation of optoelectronic devices. 

 

In order to achieve this goal, different objectives must be taking into 

account. The first one is to obtain light emitting and resistive 

switching layers, separately. Different materials will be explored and 

characterized, paying special attention in their electro-optical and 

resistive switching properties. Once both layers are obtained, their 

combination will be explored and their mutual influence will be 

studied in depth. In the case that the same layer could act as 

luminescent and resistive switching layer, the modification of the 

electro-optical properties induced by the formation of the conductive 

paths will be analyzed, which can give valuable information about the 

mechanism that governs this phenomenon. Therefore, the objective of 

this thesis can be listed as follows: 

 

 To find light emitting materials with different kind of 

luminescent centers, compatible with the CMOS technology. 

 To find resistive switching materials based on both metal 

and/or dielectric oxides. 

 To find suitable TCOs as transparent electrode, compatible 

with the resistive switching mechanism. 

 To combine all these elements in order to obtain a resistive 

switching device that can be read electrically and optically. 

 

Part of this work has been developed in different projects. As result of 

the European Project NASCEnT, size controlled Si-NCs have been 

achieved, being their implementation in optoelectronics part of the 

aim of this Thesis. The electro-optical properties of different metal 

oxides, via rare earth doping, was studied in the national project 

LEOMIS. This last project had associated a PhD scholarship, 

Formación de Personal Investigador (FPI), being it the main 
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retribution of the author during this Thesis. Currently, the fabrication 

and characterization of transparent conductive oxides is being carried 

out in a new national project called METALONIC, in which resistive 

switching materials are being studied as well. 

 

1.6. Outline of the Thesis  
 

This Doctoral Thesis is the result of different studies related to the 

fabrication and the structural, optical, electrical and electro-optical 

characterization of different materials compatible with the CMOS 

technology. In order to achieve a good understanding of the work, the 

Thesis consists of five chapters following the standard organization in 

scientific reports. First of all, an introduction with the state-of-the-art 

is given, where the different concepts and materials, in which this 

Thesis is focused, are introduced. The next chapter consists in the 

experimental details, being all the employed instrumentation for the 

fabrication and characterization of materials and devices described in 

detail. In that chapter, some physical and chemical principles, required 

for a better understanding of the experiments, will be presented as 

well. The chapters three and four present all the results, being some 

of them published in international journals and presented in some 

national and international conferences. These two chapters are divided 

into Si- and ZnO-based materials, being each one subdivided into 

Optical and Electro-Optical and Resistive Switching properties. 

Finally, the summary and conclusions are written in the fifth chapter. 

Therefore, the outline of the Thesis is described by: 

 

 Chapter 1: Introduction. An overview of the optoelectronic 

materials is given to understand the challenges that the current 

semiconductor technology is facing. Brief reviews of the 

different materials, in which this Thesis is focused, are 

presented, such as metal oxides, rare earth ions and silicon 

nanocrystals. Finally, the resistive switching phenomenon, 

which has developed a revolution in the random access 

memories, is also presented, being an important point in this 

Thesis. 

 

 Chapter 2: Deposition Methods and Sample Characterization. 

This chapter is related to the experimental details. Sample 

fabrication is described, exposing the different deposition 



1.6. Outline of the Thesis  

 

31 

 

techniques used in this Thesis. The techniques employed for 

the sample characterization are also described, being divided 

into structural and chemical, optical, and electrical and electro-

optical characterization techniques. In addition, some physical 

and chemical fundamentals are discussed in order to better 

understand the experiments and the interpretation of the 

results, which are presented in the two following chapters. 

  

 Chapter 3: Si-based materials for optoelectronics and resistive 

switching. This chapter is devoted to the study of Si-based 

materials for their use as active layer in either optoelectronics 

and/or resistive snitching applications. Thus, the results of 

each material are divided into two subsections: Optical and 

Electro-Optical Properties, and Resistive Switching 

Properties.  In this case, two materials are studied, silicon-

aluminum oxynitride and multi-layered Al-Tb/SiO2. Some of 

these results have been published in international journals, and 

in this case, a brief summary is written, followed by the article.     

 

 Chapter 4: ZnO-based materials for optoelectronics and 

resistive switching. Similar to the previous chapter, this 

chapter is focused on the results obtained in ZnO-based 

materials for being used in either optoelectronics and/or 

resistive switching applications. The chapter is divided 

depending on the role of the ZnO, either as active layer or as 

TCO. Some of the results have been published in international 

journals, and a brief summary is written, followed again by the 

corresponding article. 

 

 Chapter 5: Summary and Conclusions. Finally, the most 

relevant results are summarized and the achievements obtained 

in this Thesis are presented. Considering the obtained results, 

future works are also proposed, which can contribute to an 

optimization of the devices, and even to explore new materials.
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2. Deposition Methods and 
Sample Characterization 

 
 

“We can easily forgive a child who is 

afraid of the dark; the real tragedy of 

life is when men are afraid of the light” 

 

Plato 

 

 

In this Thesis, different sample fabrication and characterization 

techniques have been employed depending on the study. This section 

is focused on the experimental details used along the work, and it is 

divided into four main subsections. In the first one, sample fabrication 

methods employed to manufacture the samples are described in detail, 

being catalogued in physical and chemical deposition techniques. The 

fabrication of the device structures are also explained, where 

photolithography and shadow mask are the employed methods to 

achieve the isolated top electrodes. The second subsection is related 

to the structural and chemical characterization, which describes 

different techniques to determine the structure and the chemical 

composition of the samples. In the third subsection, the optical 

characterization is presented, showing the main techniques employed 

for the sample analysis. Finally, the last subsection is devoted to the 

electrical and electro-optical characterization of devices, where 

electrical characteristics and the spectrum analysis of the light-

emitting devices are presented. 

 

2.1. Sample Fabrication Methods 
 

Nowadays, several fabrication techniques are employed in the 

microelectronic industry in order to satisfy the continuous scaling of 

devices beyond the nanoscale. At this point, new fabrication 

techniques must overcome drawbacks attributed to operation at this 

level. In addition, they need to satisfy the strong demand from society 

and the high accuracy required in these kind of devices. Despite 

bottom-up strategies, in which nanostructures are synthesized by 



2. Deposition Methods and Sample Characterization 

34 

 

atomic or molecular assembly, have become an excellent solution for 

the fabrication of structures smaller than few tens of nanometers, the 

lack of growth control and its random distribution are serious 

disadvantages for some applications. In contrast, top-down methods, 

being photolithography the most implemented technology, provide 

better control, and they are achieving the same resolutions compared 

to bottom-up techniques. However, their high economic cost is today 

one of the main problems, which only mass fabrication can 

compensate. In the next subsections, the specific fabrication 

techniques employed in this Thesis are described, and they have been 

separated into two categories, namely chemical and physical 

deposition techniques. 

 

2.1.1. Chemical Deposition Techniques 

 

In chemical deposition techniques, a reaction between two or more 

compounds is required, obtaining as a product the desired material. 

Normally, gas reactions and solutions are the most common 

processes. These techniques have been largely employed in the design 

and manufacturing of advanced devices, being nowadays one of the 

most suitable techniques in a wealth of applications. Chemical 

deposition method can be separated into two groups, either via 

solution or in a vacuum. In the first one, liquid phase as mass transfer 

is used for the precipitation of the material, being sol-gel technique 

the most known. In the second one, the deposition takes place under 

vacuum conditions, typically using reactant gases as precursors. 

Techniques like molecular-beam epitaxy (MBE) or liquid-phase 

epitaxy (LPE) are used to deposit semiconductors, acting the 

crystalline substrate as a seed. Other vapor-phase techniques are also 

employed in the semiconductor industry, in which chemical reactions 

take place like metal-organic chemical-vapor deposition (MOCVD), 

low-pressure chemical-vapor deposition (LPCVD), or plasma-

enhanced chemical-vapor deposition (PECVD). The last one has been 

used for the fabrication of the Si-NCs studied in this Thesis and will 

be described in detail in the next subsection, together with atomic 

layer deposition (ALD), employed to grow ZnO as top electrode. 
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2.1.1.1. Plasma-Enhanced Chemical-Vapor Deposition 

 

PECVD is a chemical technique largely employed for thin film 

deposition. The chemical reaction involved in the process is attained 

by the formation of a plasma between two electrodes, which induces 

the reaction of the precursor gases. This plasma can be created by 

either direct current (DC) or alternated current (AC). The first one is 

suitable to deposit conductive materials due to their capacity to be 

discharged. However, insulating materials cannot produce this 

discharge, being preferable the application of an AC or radio-

frequency (RF) signal between the electrodes. Two different 

configurations of these electrodes are used. One possibility is using a 

single electrode, thus applying the voltage between it and the 

conductive walls of the reactor chamber. The second one, is the so-

called parallel plate reactor, in which two cylindrical conductive 

electrodes are employed to apply the voltage signal. In the case of 

using AC signal, low- or high-frequency plasma can be excited. Using 

low frequencies, around 100 kHz, several hundreds of voltage is 

required to achieve a great discharge. However, working at high 

frequencies, being 13.56 MHz the standard one, lower voltages are 

enough to induce high plasma densities.        

 

This technique permits relative fast deposition rates while keeping 

good film quality (defects and roughness), in comparison to with other 

fast deposition techniques. For example, the optics industry uses this 

system to create different layers like optical filters, anti-reflective 

films or materials with specific refractive index. Films of Cr2O3 or 

MgO are also used to prevent corrosion in mechanical industry. In 

electronics and microelectronics, insulator layers of SiO2, amorphous 

or polycrystalline semiconductors like Si and GaAs, or conductive 

materials such as Al, Au or Cr, are typically deposited as well, being 

part of some electronic devices like solar cells. 

 

This deposition technique was used for the fabrication of Si-NCs. In 

this case, samples were deposited at the Institut für 

Mikrosystemtechnik (IMTEK, Albert-Ludwigs Universität Freiburg, 

Germany), as part of the collaboration with Prof. Margit Zacharias in 

the NASCEnT EU project. The employed system was an Oxford 

Instruments Plasmalab 100 with a 13.56 MHz driven parallel plate 

reactor. Multilayered structures, alternating Si-rich oxides (SiOx) and 
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SiO2 sublayers, were deposited onto p-type Si and fused silica 

substrates. The deposition was made under ultra-high vacuum 

condition and keeping the substrate temperature at 375 °C. A mixture 

of silane (SiH4) and nitrous oxide (N2O) gases were used as 

precursors, together with Ar as carrier gas. By controlling the ratio 

between the precursor gases, both layers SiOx and SiO2 can be 

obtained. Indeed, the presence of nitrogen in the deposition induced a 

silicon oxynitride (SiOxNy), being y = 0.23, almost constant in all 

depositions. Once the multilayers (MLs) were deposited, a thermal 

annealing process is required to induce the precipitation of the extra 

Si, which can be expressed as: 

 

𝑆𝑖𝑂𝑥 = (1 −
𝑥

2
) 𝑆𝑖 +

𝑥

2
𝑆𝑖𝑂2,   (2.1) 

 

taking x values between 0.64 and 1.1. The annealing temperature (Ta) 

and its duration are critical parameters to achieve a good 

crystallization of the Si nanoparticles. A conventional quartz tube 

furnace was employed to submit the samples at temperatures ranged 

between 900 °C and 1250 °C for 1 h in presence of inert N2 ambient. 

This thermal study demonstrated that 1150 °C is the optimum Ta for 

the correct precipitation of Si excess in form of Si-NCs. Figure 2.1 

represents the formation of the Si-NCs under the annealing process. 

As mentioned in the Introduction 1.3 Silicon Nanocrystals, the growth 

of these nanostructures are limited by the SiO2 barriers. Keeping 

constant x, larger Si-NCs are formed increasing the thickness of the 

SRO layers. This way, the quantum confinement of Si-NCs was 

 
 

Figure 2.1. (left) Scheme of the multilayered structure of SiOx/SiO2, before the 

annealing process. (right) After the annealing process, the precipitation of the 

extra Si takes place in the form of Si-NCs. 
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analyzed varying this parameter. Detailed fabrication process was 

reported in ref. [112]. 

 

2.1.1.2. Atomic Layer Deposition 

 

Atomic later deposition (ALD) is a thin film deposition technique in 

which, similar to other chemical deposition methods, a chemical 

reaction takes place by means of gas precursors. In contrast to 

PECVD, in which the precursors were mixed in the chamber, in ALD 

the precursors are sequentially introduced. Therefore, the reaction is 

directly between the precursor and the surface of the sample, 

finalizing the reaction when all the surface is reacted (ALD cycle). 

The nature of the precursor-surface interaction governs the possibility 

to grow thicker layers, varying the number of ALD cycles. Each layer 

deposition can be divided into four steps. The first one is introducing 

the reactant A, which interacts with the substrate depositing part of 

the reactant on the whole area. The second step consists of purging 

the chamber, removing reactant A. At this point, reactant B can be 

introduced as third step, in which this precursor reacts with the 

deposited layer, thus obtaining the desired compound in the form of 

monolayer. Finally, in the fourth step, a new purge is applied to 

prepare the chamber for the next cycle. 

 

In this Thesis, ALD technique has been used to deposit ZnO layers 

using a commercial OpAL Oxford Instruments system, located in the 

Institut für Mikrosystemtechnik (IMTEK, Albert-Ludwigs Universität 

Freiburg, Germany). These ZnO layers were employed as TCO for the 

electro-optical characterization of the samples containing PECVD-

deposited Si-NCs, as mentioned before. In this case, the ZnO layer 

was achieved by means of dimethylzinc [Zn(CH3)2] and H2O 

precursors. The sequential introduction of both gases induces the 

growth of controlled ZnO monolayers. The schematics corresponding 

to one ALD cycle of this reaction is represented in the Figure 2.2, 

being the involved chemical reaction defined by:   

 

𝑍𝑛(𝐶𝐻3)2 + 𝐻2𝑂 = 𝑍𝑛𝑂 + 2 𝐶𝐻4.  (2.2) 

 

Different substrate temperatures, ranging between 100 °C and 200 °C, 

were analyzed, being the highest temperature the optimum one due to 

the lower resistivity that the resulting sample presents. This is an 
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important parameter to employ these layers as TCO, exhibiting 

enough conductivity to inject carriers to the active layers. In this case, 

a further annealing process was not required, because the 

crystallization of the layer is achieved during the growth, and it 

already presents high quality and homogeneity. 

 

2.1.2. Physical Deposition Techniques 

 

In contrast to the chemical techniques, physical techniques are 

employed using directly the desired material, which is submitted to 

physical processes such as cutting, molding, melting or evaporation, 

in order to obtain the final result. In the case of deposited layers, the 

film is obtained by means of the condensation of the vapor phase of 

the material, which has been previously evaporated via solid-liquid-

vapor process or directly sublimated. Physical vapor deposition 

(PVD) techniques have been used in the chemical, electrical and 

optical industry, being the thin film solar panels one of the most 

employed applications [113]. Evaporation and sputtering techniques 

are common PVD process, being the first one divided into different 

methods depending on how the heating is carried out. Some samples 

presented in this Thesis have been fabricated by PVD techniques like 

sputtering, pulsed laser deposition or electrical beam evaporation. 

These techniques are presented in the following subsections, where 

the description of the fabricated samples will be given. 

 

 

 

 
 

Figure 2.2. Scheme of the different reactions involved in the ZnO deposition by 

ALD. (left) Molecules of H2O are added on the surface by leaving an OH- layer. 

(middle) The Zn(CH3)2 molecules react with these OH- molecules obtaining a 

monolayer of ZnO and producing volatile CH4. (right) The first process is 

repeated again in a new ALD cycle to deposit a new ZnO monolayer. 
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2.1.2.1. Sputtering 

 

In the sputtering technique, the material is deposited onto a substrate 

by means of the ejection from a target, which is bombarded by 

energetic particles, normally gas ions. This process takes place when 

the energy of these particles is larger than the binding energy of the 

surface of the material. Similar to other deposition techniques, 

sputtering can work either using DC or AC voltage, being RF the most 

commonly used mode in the latter case. The energy field between the 

cathode (target) and the anode (substrate) induces to the creation of a 

plasma. When the gas atoms of the plasma have lost electrons, these 

ions accelerate towards the target, striking with enough energy to eject 

atoms or molecules from the target to the substrate. In order to avoid 

any undesired reaction induced by the plasma, Ar is typically 

employed, as noble gas with inert properties, thus not interacting with 

the target. The Figure 2.3 shows a scheme of the typical sputtering 

system with a detailed sketch of the involved process. 

 

In this case, two different materials were deposited using sputtering 

systems, SiAlON doped with Ce, and ZnO doped with Tb and/or Eu, 

both depostions carrie out at the Center of Research on Ion Materials 

and Photonics (CIMAP) at the University of Caen Normandy 

(UNICAEN), as a collaboration with Dr. Xavier Portier and Dr. 

Christophe Labbé. Depending on the material, two different 

sputtering systems were employed, an AJA International for SiAlON 

samples and a MECA 2000 for the ZnO ones.  

 

On one hand, the Ce-doped SiAlON samples were grown onto p-type 

Si substrates at room temperature. A variable N2 flux, together with 

the sputtering of CeO2, Al and Si targets, were used under an Ar flow 

set at 8 sccm. Fixed power density of 4.5 W cm-2 was employed for 

the Si target, whereas CeO2 and Al targets were sputtered varying the 

power density from 0 to 2.1 W cm-2 and from 0 to 0.75 W cm-2, 

respectively. Finally, all samples were annealed at 900 °C using a 

classic thermal annealing furnace for 1 h under N2 atmosphere. For 

the electro-optical characterization, device structure was fabricated in 

Barcelona, depositing ITO on top of the sample as TCO by means of 

EBE, using a shadow mask and Al in the rear side of the substrate (see 

2.1.2.3. Electron Beam Evaporation). 

 

http://www.ganil.fr/ciril/index_gb.htm
http://www.ganil.fr/ciril/index_gb.htm
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On the other hand, Tb- and Eu-doped ZnO samples were obtained 

using Tb4O7 and Eu2O3 targets as dopants, and a ZnO target for the 

host matrix. Different samples were grown, undoped ZnO, Tb-doped 

ZnO, Eu-doped ZnO and Tb:Eu-codoped ZnO, all of them deposited 

onto p-type Si substrates as well. The growth of the ZnO layers 

required higher substrate temperatures than SiAlON, setting at 400 °C 

for a correct deposition. After the deposition, samples were annealed 

at 450 °C for 1 h, following the same process than the one mentioned 

before. In this case, device structure was obtained depositing ITO as 

top transparent electrode by means of photolithography (see 

subsection 2.1.2.4 Photolithography Process). This process was 

carried out at Centre Nacional de Microelectrònica (CNM), which is 

a research institution of the Consejo Superior de Investigaciones 

Científicas (CSIC). Finally, the back contact consisted in a full-area 

Al film. 

 

2.1.2.2. Pulsed-Laser Deposition 

 

In pulsed-laser deposition (PLD), a specific target is ablated by means 

of a high-power pulsed laser beam in a vacuum chamber, which can 

contain a low pressure of reactive gas like oxygen in order to induce 

partial or full oxidation of the deposited material. When the target 

absorbs the laser pulse, complex physical processes occur. Depending 

 
 

Figure 2.3. (a) Scheme of the sputtering system, where a plasma of Ar+ is 

induced by RF voltage, sputtering the materials from the target to the substrate. 

(b) Sketch of the sputtering process, where the interaction of the Ar+ ions with 

the target is shown. 
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on the wavelength of the laser, and the refractive index and absorption 

coefficient of the target, the penetration of the laser can be different, 

being typically around 10 nm. Initially, when the laser pulse reaches 

the surface of the target, electron excitation of the material takes place 

and the corresponding free electrons interact with the material, heating 

it up until evaporation. Consequently, the target forms a plasma plume 

due to the Coulomb repulsion. The shape and distribution of this 

plasma plume depends on the target material and the chamber 

pressure. The ablated material is deposited onto the substrate, being 

parameters like the energy density of the laser pulse, the substrate 

temperature and the base pressure of the chamber critical for the 

correct growth of the film. In the Figure 2.4, a scheme of the PLD 

system is shown, in which the ablation of the target is represented. 

 

PLD was employed to grow thin films of SiAlON onto p-type Si 

substrate as well. The samples were grown by the Laser Processing 

Group at the Instituto de Óptica (CSIC) in Madrid under the 

supervision of the Dr. Rosalía Serna. The target ablation was achieved 

using the 193-nm line of an ArF excimer UV laser with a pulse 

duration of 20 ns. The energy density of each pulse was set at 4.10 J 

cm-2, kept constant during all deposition process. In contrast to the 

deposition using sputtering, the employed targets consisted of 

SiAlON and Eu. The deposition process was achieved by means of 

360 pulses on the SiAlON target, corresponding to a thickness of 2.5 

 
 

Figure 2.4. Scheme of the PLD system, where a plasma plume is generated from 

the target to the substrate, exciting the target with a 193-nm line of an excimer 

laser. Ar+ ions are induced by RF voltage, sputtering the materials from the target 

to the substrate. 
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nm, followed by 10 pulses on the Eu target. This sequence was 

repeated 60 times, depositing an extra SiAlON layer to protect the Eu 

from the last step. After deposition, an annealing process was carried 

out at temperatures between 300 and 800 °C for 1 h in air. Finally, the 

device structure was completed by depositing either Al or ITO circular 

dots as top contacts using a shadow mask by means of EBE, and full-

area Al layer in the rear side of the Si wafer. 

 

2.1.2.3. Electron-Beam Evaporation 

 

Electron beam evaporation (EBE) technique is a physical deposition 

method that consists in evaporating a target by heating it via a high 

energetic electron beam. Typically, the electron source is a tungsten 

filament, which emits electrons when an electrical current is injected 

through it. These electrons are accelerated by a high voltage source 

and the electron beam is focused on the target using electro-magnets. 

As a consequence, the target increases its temperature until achieving 

the vapor phase, via solid-liquid-gas or sublimation processes, 

depending on the material. The whole process takes place in a vacuum 

chamber, with pressures between 10-4 mbar and 10-7 mbar. The 

evaporated material is deposited onto a substrate, which is located 

upside down at the top of the chamber. In order to have the control of 

the deposited layer thickness, a quartz crystal is typically employed, 

indicating the deposition rate and the total thickness of the material 

being simultaneously deposited onto the crystal at real time. To obtain 

better homogeneity of the deposited layers, the holder of the substrate 

can rotate during the deposition, avoiding differences as a function of 

the rotation angle. However, a decrease of thickness in the edges of 

the substrate with respect to the center can be observed due to the 

difference of the target-substrate distance and the angle. This effect 

also depends on the evaporated material, presenting different 

homogeneity levels. Sometimes, the substrate can be heated to 

increase the mobility of atoms or molecules when deposited onto the 

substrate, which avoids clustering and increases homogeneity. As 

well, the temperature of the substrate can play an important role on 

the deposition if the chamber is filled with a low pressure of reactive 

gas, such as oxygen, inducing an oxidation of the layer. In these 

conditions, the real thickness deposited onto the substrate can differ 

to the quartz crystal one because of the different material deposited on 

both surfaces. Whereas the quartz crystal is cooled down with a water 
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circuit, the substrate temperature together with the reactive gas on the 

chamber can induce a chemical reaction, depositing a different 

material than the one the sensor detects. 

 

The materials deposited by EBE presented in this Thesis have been 

obtained using a PFEIFFER VACUUM Classic 500 instrument with 

a Ferrotec GENIUS e-beam controller and a Ferrotec CaARRERA 

high-voltage (up to 10 kV) power supply. This system is located in 

the clean room of the Faculty of Physics at the University of 

Barcelona. The system was upgraded with a low pressure gas (O2, N2 

or Ag) line, which permits different chemical reactions when the 

evaporated material is deposited on the substrate. Figure 2.5 shows a 

sketch of this system and the process of the evaporation. 

 

This system was used to grow different materials presented in this 

Thesis. On one hand, the delta-doping approach was employed to 

introduce Tb atoms in a SiO2 matrix. Delta-doping approach consists 

in depositing very thin films (around 1 nm or less) of the dopant 

material between two layers of the material that acts as host matrix. 

By repeating this stack many times a multilayered structure can be 

 

 
 

 

 

Figure 2.5. Sketch of the EBE 

system employed in some 

deposition processes within this 

Thesis. The target is heated up by 

energetic electrons, inducing an 

evaporation of the material, which 

is deposited onto the substrate. 
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achieved, being the result similar to a doped bulk. In this way, 

multilayered structure of Tb/SiO2, was fabricated onto p-type Si 

substrate using metallic target of Tb for the delta-doping layers and 

SiO2 target for the host matrix. Aluminum was introduced growing 

different combinations of the layers by the delta-doping approach as 

well. The deposition rate of both Al and Tb dopants corresponded to 

0.2 Å s-1, while for SiO2 it was 1.0 Å s-1. The whole deposition process 

was carried out keeping the substrate temperature constant at 100 °C. 

After deposition, samples were annealed at temperatures ranging from 

700 to 1100 °C for 1 h in N2 atmosphere. 

 

On the other hand, the EBE system was used to deposit electrodes for 

the device structures. Two kinds of electrodes were deposited; Al as 

metallic electrodes, and ITO as TCO. The first one was employed in 

the rear side of the devices and as top electrode of some of them. In 

contrast, ITO layers were deposited on top of devices in which the 

electro-optical properties had to be explored. The deposition of Al was 

carried out at room temperature in order to avoid the oxidation of the 

layer, being the deposition rate around 3 Å s-1. However, ITO layers 

were grown at 1.0 Å s-1, heating the substrate at 100 °C and under a 2 

sccm line of O2. In this case, ITO required an annealing process to 

induce the crystallization of the layer and to consequently become 

optically transparent. In order to separate different devices, the top 

contacts were deposited using a chromium shadow mask with circular 

dots. 

 

2.1.3. Photolithography process 

 

In order to carry out both electrical and electro-optical 

characterization of some materials, device structure was required, 

which was achieved by depositing electrodes. As mentioned in some 

deposition techniques just before, top electrodes have been obtained 

either using a shadow mask or by photolithography. In the case of 

using photolithography, two kinds of processes were employed, 

depending on the deposited material, either ITO or ZnO. 

 

In the case of the ZnO top electrode as TCO, the photolithography 

was processed in the Institut für Mikrosystemtechnik (IMTEK, Albert-

Ludwigs Universität Freiburg, Germany). Once the active layer was 

deposited and annealed, if required, 100-nm thick full-area layer of 
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ZnO via ALD at 100 °C was deposited. The lithography process of 

this TCO begins by depositing the resist (AZ 1518, positive resist) and 

homogeneously spreading it by spin-coating, thus obtaining a 

thickness around 2 µm. A soft baking during 50 s at 100 °C and an 

UV exposure for 3 s with the mask were applied. After that, a hard 

baking at 115 °C for 50 s was carried out. To develop the resist from 

non-contact areas, AZ 726 MIF developer was applied during 2 min, 

followed by water rinsing. Using an HCl (5 %) dissolution for 5-7 s, 

ZnO on the previously developed samples was eliminated, only 

remaining the non-developed contacts. A new water rinsing was 

applied again. To get rid of remaining resist on the contact areas, 

acetone was applied for 1-2 s, followed by a new water rinsing. 

Isopropanol and water was employed to remove the remaining 

acetone on the sample surface. After this process, ZnO top electrode 

was achieved, with circular dots correctly isolated between them. In 

the Fig. 2.6 there is a sketch of the different steps of the whole 

 
 

Figure 2.6. (a) Sequence of the photolithography process carried out for the ZnO 

top electrode as TCO. (a) Deposition of the ZnO onto the active layer. (b) Resist 

application using spin coating and soft baking. (c) UV exposure using a mask, 

followed by a hard baking. (d) Development of the exposed resist with AZ 726 

MIF. (e) Rinsing of the non-protected ZnO using HCl (5%) dissolution. (f) 

Rinsing of the rest of the resist using acetone. 
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photolithography, from the full area ZnO layer to the definition device 

structure. 

 

The other lithography process corresponds to the ITO top electrodes, 

which were deposited at the Institute of Microelectronics of Barcelona 

(IMB) of the Centre Nacional de Microelectrònica (CNM), CSIC. In 

this case, SiO2 windows were opened before the deposition of the 

active layer, depositing 400 nm of SiO2 at 1100 °C (wet oxidation). 

Using standard photolithography the windows of the field oxide were 

defined employing the CNM004 mask. The field oxide etching was 

obtained with a resist mask and the resist stripping was carried out via 

O2 plasma. After general cleaning, the wafers were ready for the 

corresponding active layer deposition. Once the active layer was 

deposited, ITO was grown at 300 °C with a subsequent annealing at 

200 °C in air. Standard photolithography was carried out using a 

similar mask than employed before, defining the region where the 

electrodes will be placed. By means of reactive-ion etching (RIE) the 

electrodes were well defined, followed by the stripping of the resist.  

 

2.2. Structural and Chemical 
Characterization 
 

In order to determine the morphology of the deposited layers and their 

composition, structural and chemical characterization of the samples 

are required. These processes permit to obtain real thicknesses, 

roughness, homogeneity, porosity, crystalline quality or stoichiometry 

of the layers. In this Thesis, two techniques have been employed for 

the structural and chemical characterization. The first one consists of 

using different electron microscopy techniques, which allow for both 

structural and chemical characterization. The second one is the X-ray 

photoelectron spectroscopy, complementing the chemical 

composition information of the layers. These techniques are briefly 

described in the following subsections.    

 

2.2.1. Electron Microscopy Techniques 

 

The strong limitation of spatial resolution that optical microscopy 

presents is an important drawback to observe structures at the 
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nanoscale range. This limitation is directly related to the wavelength 

of the employed light and it is expressed by: 

 

𝑑 =
𝜆

2𝑛 sin 𝜃
≈

𝜆

2·𝑁𝐴
 ,       (2.3) 

 

where d is the spatial resolution,  is the wavelength of the employed 

light, n the diffraction index of the material,  is the collection angle 

and NA the numerical aperture of the system. As it is well known, 

electrons have associated a wavelength that depends on their energy 

following the expression: 

 

𝜆𝑒 =
ℎ

2𝑚0𝐸𝑒(1+
𝐸𝑒

2𝑚0𝑐2)
 ,        (2.4) 

 

being h the Planck’s constant, m0 the electron mass in rest, Ee the 

energy of the electron and c the speed of light in vacuum. Using highly 

energetic electrons instead of light opens the possibility to reduce the 

associated incident wavelength, increasing substantially the resolution 

of the microscope. Working with electron energies between 80 and 

300 keV, wavelengths of some pm can be obtained; however, this 

resolution normally is not achieved due to technical limitations like 

chromatic or spherical aberrations, being the latter the most critical 

drawback. 

 

Two different electron microscopy techniques have been employed in 

this Thesis, scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). The first one was used to determine the 

surface morphology of some samples and the chemical composition 

as well, via energy dispersive spectroscopy (EDS). In this case, the X-

ray emission from the sample, induced by the electron-matter 

interaction, gives rise to a specific spectrum ascribed to a unique 

atomic species of each sample. On the other hand, TEM 

measurements permitted high-resolution TEM (HRTEM) images, 

being visible nanometric structures like quantum dots or superlattices. 

The possibility to work in diffraction mode was useful to determine 

crystalline structures from the diffraction patterns. In addition, the 

system permits to obtain high angular annular dark field (HAADF) 

images in scanning mode (STEM), showing bright contrast that 

depends directly on the atomic number of the atomic specimen. 

Chemical characterization was also carried out using TEM techniques 
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like electron-energy loss spectroscopy (EELS) or energy-filtered 

TEM (EFTEM). When the incident electrons interact with the sample, 

some transmitted electrons have lost kinetic energy, which depends 

on the atomic species of the sample. Therefore, complete core-loss 

EELS spectrum image can be determined, bearing compositional 

information of each pixel of the TEM image. Filtering the electrons 

with particular kinetic energies allows determining the location of 

specific atomic specimens, being able to obtain composition maps. 

 

In order to achieve electron transparency on the samples, an accurate 

sample preparation must be carried out. In homogeneous samples, 

conventional mechanical polishing method is enough because the 

cross-section is the same along the whole sample. However, focus-ion 

beam (FIB) coupled to a SEM is required to obtain the cross-section 

of a specific location. In this case, the sample can be cut focusing a 

highly energetic Ar+ beam, selecting the corresponding region of 

interest.  

 

Different systems related to electron microscopy techniques have 

been employed in this Thesis. On one hand, the SEM employed for 

the structural and chemical characterization of samples was a Jeol 

JSM-7100F, operating at 20 kV, with a high-resolution spectrometer 

Gatan-MonoCL4. This system permits EDS measurements, detecting 

the X-ray emission from the samples. On the other hand, a Jeol 2010F 

TEM, operating at 200 kV and coupled to a GIF Gatan filter with 0.8 

eV energy resolution was employed to obtain HRTEM and HAADF 

images, and EELS spectrum images. Finally, in some case, sample 

preparation using a Zeiss 1560XB Cross Beam FIB was carried out, 

reducing the thickness of a specific region down to about 50 nm for 

the electron transparency. 

 

2.2.2. X-Ray Photoelectron Spectroscopy 

 

Chemical characterization can be also carried out using X-ray 

photoelectron spectroscopy (XPS). This technique permits to 

determine the quantitative atomic composition and the chemical state 

of the material. Irradiating monochromatic X-rays onto the sample, 

depth levels of the atomic structure are excited, inducing the emission 

of photoelectrons. The number and the kinetic energy of these emitted 

electrons can be analyzed, providing information about the chemical 
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composition of the samples. The kinetic energy (KE) of the emitted 

electrons can be given by: 

 

𝐾𝐸 = ℎ𝜈 − 𝐵𝐸 − Φ𝑠𝑝,    (2.5) 

 

being hν the energy of the incident photon, BE the binding energy of 

the atomic orbital and Φsp the spectrometer work function. Although 

it is a surface technique, the possibility to dig the sample using an ion 

beam, typically using Ar+ ions, allows the determination of the 

chemical composition along the whole sample cross-section. 

Depending on the material, the rate of the depth profile can be 

different, being also dependent on other factors like the ion energy, 

the incident angle and the nature of the employed ions. Regarding the 

spatial resolution, while lateral resolution is about some µm, average 

signal of some nm can be detected in depth direction. Once the signal 

data is corrected by a known reference, different oxidation states of 

the materials can be determined by the corresponding peak position 

shifts. Small variations on the binding energy between atoms can be 

observed in different oxidation states. The quantitative analysis can 

be determined from the peaks area of each atom, obtaining the 

stoichiometry of the samples.      

  

The XPS analysis of some samples presented in this Thesis was 

performed by means of a PHI 5500 Multitechnique System, provided 

with a monochromatic X-ray source that uses the Al Kα line of 1486.6 

eV with a power of 350 W. This system is located in the Serveis 

Científico-Tècnics (CCiT) of the Universitat de Barcelona. 

 

2.3. Optical Characterization 
 

The fact that electromagnetic radiation interacts with matter has 

permitted to determine some properties directly related to material 

structures like atomic energy levels or energy bands. This light-matter 

interaction is strongly dependent on the wavelength of the incident 

light, which can be reflected, transmitted or absorbed. Analyzing the 

reflectance and transmittance spectra, the absorption one can be 

determined, which is the responsible for the matter excitation. In this 

section, the main optical characterization techniques employed in this 

Thesis are presented, being the photoluminescence the most explored 

one. 
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2.3.1. Photoluminescence Spectroscopy 

 

As it is well known, some materials present luminescence resulting 

from other sources rather than heat. This effect can be induced by 

chemical or physical processes, exciting the material. The relaxation 

of the exited centers produce emission of photons, whose energies are 

characteristic of the specific luminescent centers. In the case that this 

excitation is via photon irradiation, the consequent luminescence is 

called photoluminescence (PL). 

 

Depending on the luminescent center, different processes can take 

place. One of them is the called band-to-band transition, observed in 

semiconductors. In this case, the excitation can promote an electron 

to the conduction band (CB), leaving a hole in the valence band (VB). 

Typically, the electron relaxes toward the minimum of the CB and the 

hole to the maximum of the VB, via non-radiative processes. At this 

point, the radiative recombination of the electron-hole can take place, 

emitting a photon with the energy of the band gap. In the case of 

indirect band gap materials, the additional generation of a lattice 

phonon is required, being its momentum equal to the difference 

between electron and hole ones. As mentioned in the section 1.3 

Silicon Nanocrystals, the nanostructuring of Si, which presents an 

indirect band gap around 1.12 eV, displays a blue-shift emission due 

to the delocalization of the wavefunctions in the momentum space via 

quantum confinement. 

 

In the case of ZnO, in which this Thesis is also focused, it exhibits a 

band gap energy around 3.3 eV, which is located in the near UV range. 

In contrast to Si, ZnO shows a direct band gap, being the radiative 

recombination more efficient. Some materials present defect-related 

emission attributed to the recombination of electron-holes between 

intra-band energy levels formed by the presence of impurities or 

defects. Typically, ZnO is one of these materials, obtaining PL 

spectrum with a broad band in the visible range. In the Figure 2.8, the 

calculated energy levels of some of these defects are presented as well. 

Oxygen vacancies are one of the most common defects in metal 

oxides. This lack of oxygen makes the oxygen vacancies to easily bind 

electrons, thus forming excitons with energies close to the minimum 

of the conduction band and thus promoting the PL intra-band 
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excitation. This kind of defect-emission can be also visible in 

defective SiO2, presenting similar broad emission than ZnO. 

 

Other kind of luminescent centers are rare earth ions in the trivalent 

state. In this case, the incident photons promote electrons of the atoms 

to higher electronic levels, typically the 5D ones. The relaxation of 

these electrons to lower energy levels like 3H, 6H, 7F or 3F emits 

photons with specific energies, consequently obtaining a 

characteristic PL spectrum with narrow peaks that depends on the RE 

ion. 

 

Two different excitation mechanisms can be carried out, via either 

non-resonant or resonant absorption. In the first case, the sample is 

excited using an energy higher than the band gap, being necessary a 

thermalization via non-radiative processes (see Figure 2.7). In the case 

that luminescent centers are embedded within a host matrix like Si-

NCs or REs, their excitation can be carried out via energy transfer 

from the host matrix, which previously has absorbed the incident 

photons. In contrast, resonant excitation mechanism takes place when 

the energy of incident photons is very close to the band gap, 

contributing to a spontaneous emission by coherent processes. This 

mechanism can be interesting in the case of RE emission because the 

resonant excitation of a high-energy transition can induce more 

 
 

Figure 2.7. Comparison between radiative recombination taking place in in c-

Si and Si-NC. The delocalization of the wavefunction in Si-NCs permits an 

almost-direct band gap photon emission. 
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efficiently the relaxation to lower-energy levels of the RE, obtaining 

the emission of their relaxation.       

 

The photoluminescence experiments were carried out at the 

Photoluminescence Laboratory of the Department of Electronics and 

Biomedical Engineering of the Universitat de Barcelona. The samples 

were excited using either the 325-nm line of a He-Cd laser or the 488-

nm line of an Ar+ laser. The laser beam was filtered with a high-pass 

filter, to eliminate harmonic modes or parasite photons, and focused 

onto the sample through an optical path in backscattering 

configuration. The PL emission was filtered using a low-pass filter in 

order to avoid the laser signal detection. The signal was collected by 

a monochromator to be finally detected by a Hamamatsu R928 GaAs 

photomultiplier tube (PMT) connected to a standard lock-in amplifier. 

 

 

 

 

 
 

Figure 2.8. Energy band diagram that represents the excitation (Eex) and the PL 

emission of band-to-band (Eg,PL) and defects (Edef,PL) of the ZnO. Calculated 

energy levels of different defects from literature are also represented, where VZn, 

VZn
- and VZn

2- correspond to the neutral, single- and doubly-charged zinc 

vacancies. Zni
O and Zni

t are the neutral octahedral and tetrahedral zinc 

interstitials, while Zni
+ and Zni

2+ indicate singly- and doubly-charged zinc 

interstitials, respectively. VO
0 and VO correspond to oxygen vacancies, while 

VO
+ and VO

2+ are single- and double-charged oxygen vacancies. Oi represents 

oxygen interstitials and VOZni corresponds to a complex of oxygen vacancy and 

zinc interstitial. Image adapted from ref. [123]. 
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2.3.2. Time-Resolved Photoluminescence 
 

The dynamics of the luminescent centers can be studied analyzing the 

decay time (τ) of specific wavelength by means of pulsed incident 

light, using either pulsed laser or chopping a continuous-wave one. 

This study can contribute to obtain information about the origin of the 

luminescent centers, having a wide range of decay times depending 

on the nature of the samples. When the sample excitation is 

interrupted, PL intensity decreases following an exponential decay 

function. The general expression of the evolution of this emission can 

be given by: 

 

𝐼𝑃𝐿(𝑡) = 𝐼𝑃𝐿,0 + 𝑒𝑥𝑝 [− (
𝑡

𝜏
)

𝛽

] ,              (2.6) 

 

being IPL,0 the pre-exponential factor corresponding to the PL 

emission at the initial decay process, τ the decay time and β is the 

stretched factor. In the case of β = 1, the expression corresponds to a 

single-exponential decay, having all the luminescent centers the same 

τ. However, β < 1 is obtained when a distribution of decay times is 

present in the emission. This effect could indicate either the 

contribution of different luminescent centers or the fact that these 

luminescent centers are under different conditions. This case is easily 

observed in Si-NCs, which usually exhibit different decay times 

depending on their size. The presence of size distribution contributes 

to a reduction of the β parameter, typically between 0.5 and 0.9.      

 

The lifetime of the PL emission is also strongly sensitive to non-

radiative processes, which typically present very fast recombination. 

The measured decay time can be expressed as combination of the 

decay times of radiative and non-radiative processes by: 

 
1

𝜏𝑚𝑒𝑎𝑠
=

1

𝜏𝑟𝑎𝑑
+ ∑

1

𝜏𝑛𝑜𝑛−𝑟𝑎𝑑
 ,        (2.7) 

 

where τmeas is the resulting measured decay time, while τrad and τnon-rad 

are the decay times corresponding to the radiative and non-radiative 

processes, respectively. Hence, the presence of fast non-radiative 

processes decreases the lifetime of the measured PL emission.  
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Two different employed systems were used to study the dynamics of 

the PL emission. The first one corresponds to using the continuous 

325-nm line of a He-Cd laser, being mechanically square-chopped. 

The second one corresponds to using the third harmonic frequency of 

a Brilliant Nd3+:YAG 5-nm-pulsed laser (355 nm). In both cases, the 

signal was acquired using a PMT coupled to a monochromator, being 

the PL decay monitored with an Agilent Infiniium DSO 8064A 

oscilloscope. 

 

2.4. Electrical Characterization 
 

The electrical properties of some materials are of great interest and 

largely employed in the electronic industry. In order to achieve the 

corresponding charge injection, device structure is required by means 

of electrodes, being structures like metal-insulator-metal (MIM) or 

metal-insulator-semiconductor (MIS) the most employed. From the 

I(V) characteristics, electrical transport mechanisms, that govern the 

electrical conduction, can be determined. In addition, the resistive 

switching behavior, that some devices present, is obtained in this 

electrical characterization, stressing the active layer using a voltage 

supply. All of these analyses contribute to a better understanding of 
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Figure 2.9. Examples of stretched exponentials with different stretched factor 

β. In the case of β = 1, the function becomes a single exponential. 
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the electrical properties. The experimental details for the electrical 

characterization are presented, followed by some theoretical models. 

 

2.4.1. Charge Transport Mechanisms 

 

The charge transport through dielectrics has been largely studied in 

order to understand how do issues like charge trapping or leakage 

currents affect at different regimes of the applied electric field. Thanks 

to this study, novel materials have been proposed to have more control 

on the electrical properties, which depends on the nature of the 

material. Whereas some charge transport mechanisms depend on the 

temperature, others are governed by quantum effects like tunneling 

through the potential barriers. The conductivity of the material 

depends on several parameters like the layer thickness, the carrier 

density, their mobility or their effective mass into the material. In the 

case of semiconductors, like metal oxides, two opposite situations of 

interest can occur, which are dependent on their doping level: an 

intrinsic material with an electrical behavior typical from a dielectric, 

or a degenerate material with an electrical behavior close to metals.  

 

Device structure and voltage polarization can also influence on the 

conduction. If devices present flat-band voltage due to a hetero-

junction, the charge transport depends on the regime in which it 

works. The Figure 2.10 represents the three working regimes of a 

MOS-structured device with p-type semiconductor. When negative 

voltage is applied on the top electrode (M), accumulation regime takes 

place, being the majority carriers of the substrate (holes) attracted 

towards the top electrode at the same time that the electrons are 

injected from the top electrode into the substrate. Applying positive 

voltage larger than the flat-band voltage, a depletion of the 

semiconductor band starts, presenting an accumulation of negative 

charge in the oxide-semiconductor interface. Finally, further 

increasing this voltage, minority carriers of the substrate (electrons) 

can flow through the oxide, which is known as inversion regime. 
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The employed system for the electrical characterization consisted of a 

Cascade Microtech Summit 11000 probe station equipped with 

Faraday cage and a vacuum chuck with a thermal controller up to 300 

°C. This system was connected to an Agilent B1500 semiconductor 

device analyzer, having a current resolution of some tens of fA. 

 

2.4.1.1. Bulk-Limited Mechanisms 

 

When the dielectric cannot evacuate all the injected charge from the 

electrode, the charge transport mechanism is considered bulk-limited. 

In this case, the intrinsic characteristics of the material like electron 

mobility, trap defect density or the dielectric constant are parameters 

that strongly affect the charge transport. Normally, at low voltages, 

the device presents ohmic behavior, having a linear dependence of the 

I(V) characteristics. However, non-linear dependence is observed for 

higher voltages, being the corresponding charge transport mechanism 

dominant in the conduction. Here, three different bulk-limited 

mechanisms are presented, being some of them the main mechanism 

observed in the devices studied in this Thesis.  

 

 Poole-Frankel mechanism (PF) 

 

Some defective materials present intra-band levels between the 

conduction and valence bands. These levels act as charge traps, in 

which electrons can move through them by means of trapping and 

detrapping processes. In order to jump from a trap to another, the 

electron needs to overcome the corresponding energy of the trap, 

 
Figure 2.10. Energy band diagram corresponding to accumulation, depletion 

and inversion regimes band diagram corresponding to accumulation, depletion 

and inversion regimes. 
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reaching the CB until being trapped again. Detrapping is modulated 

by the supplied voltage, reducing the trap ionization energy to 

overcome the Coulomb potential energy. Hence, the current density 

in this kind of materials can be expressed by the Pool-Frenkel (PF) 

model as: 

 

𝐽𝑃𝐹(𝐸, 𝑇) = 𝑞𝜇𝑒𝑁𝑡𝐸𝑒𝑥𝑝 [−
𝑞𝜙𝑡−√𝑞3𝐸/(𝜋𝜀0𝜀𝑟)

𝑘𝐵𝑇
] ,   (2.8) 

 

where q is the elemental charge, µe the electron mobility, Nt the 

density of trapping centers, ϕt the potential of the trap with respect to 

the conduction band, 0 and r the absolute and relative dielectric 

constants, respectively, and kB the Boltzmann constant. 

 

 Space-charge limited current (SCLC) 

 

In the case that the dielectric cannot compensate the injected charge 

from the electrodes, the detrapping rate is lower than the carrier 

injection one. This effect induces charge accumulation at the 

electrode-dielectric interface due to the filling of some traps with 

carriers. Consequently, spatial deformation of the potential barrier 

takes place by the generation of an electric field, which compensates 

the carrier injection. When this occurs, transport lies within the space-

charge limited current (SCLC) regime, and the current density can be 

expressed by: 

 

𝐽𝑆𝐶𝐿𝐶(𝐸) =
9

8
𝜇𝑒𝜀0𝜀𝑟

𝑁𝑖𝑛𝑗

𝑁𝑡

𝐸2

𝑑
𝑒𝑥𝑝 [−

𝑞𝜙𝑡

𝑘𝐵𝑇
] ,  (2.9) 

 

being Ninj the concentration of injected carriers and d the thickness of 

the semiconductor layer. When all traps are filled, thus achieving the 

so-called trap-filled limit (TFL), injected carriers can move freely into 

the dielectric. In this case, the expression becomes 

 

𝐽𝑆𝐶𝐿𝐶(𝐸) =
9

8
𝜇𝑒𝜀0𝜀𝑟

𝐸2

𝑑
 .   (2.10) 

 

This kind of mechanism is observed in some defective materials like 

nitrides or oxynitrides when there are in the high injection regime. 
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 Hopping mechanism 

 

When electrons hop from one trap to another one via tunneling 

through the potential barrier, hopping mechanism is considered. This 

tunneling takes place when electrons do not have enough energy to 

overcome the potential barrier, being the probability of the event 

dependent on the distance between traps. If this distance is short 

enough, the hopping mechanism can be written as: 

 

𝐽ℎ𝑜𝑝𝑝𝑖𝑛𝑔(𝐸, 𝑇) = 𝑞𝑎𝑛 𝑒𝑥𝑝 [
𝑞𝑎𝜈𝐸−𝐸𝑎

𝑘𝐵𝑇
] , (2.11) 

 

where a is the mean hopping distance, n is the electron concentration 

at the CB of the dielectric, ν the frequency of the thermal vibration of 

electrons at the traps and Ea is the activation energy corresponding to 

the energy of the trap with respect to the CB. 

 

2.4.1.2. Electrode-Limited Mechanisms 

 

In the case that the potential barrier height of the electrode-dielectric 

interface is high enough, electrode-limited transport mechanism takes 

 
 

Figure 2.11. Energy band diagram corresponding to PF and hopping transport 

mechanisms. The application of an external electric field (�⃗⃗�) induces the 

bending of the band, reducing in 𝑞𝜙 the trap barrier energy 𝑞𝜙𝑡. 
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place. This transport mechanism is typically observed in low-

defective materials with a large band offset. At high electric fields, a 

strong band bending occurs, thus accelerating the injected carriers 

with high kinetic energy (hot carriers). Depending on the potential 

barrier height and the temperature of the dielectric, different transport 

mechanisms can be considered. 

 

 Schottky emission 

 

If the potential barrier height is low and/or the dielectric temperature 

is high enough, Schottky emission mechanism takes place. This 

transport mechanism is strongly dependent on the temperature and it 

can be observed in thick insulators with low density of defects and 

low tunnel transparency. In this case, the current density can be 

written as: 

 

𝐽𝑆𝑐ℎ𝑜𝑡𝑡𝑘𝑦(𝐸, 𝑇) =
4𝜋𝑞𝑚∗

ℎ3
(𝑘𝐵𝑇)2𝑒𝑥𝑝 [−

𝑞𝜙𝑏−√𝑞3𝐸/(4𝜋𝜀0𝜀𝑟)

𝑘𝐵𝑇
] ,  (2.12) 

 

where 𝑚∗ is the effective mass of electrons, h the Planck’s constant 

and 𝜙𝑏 the potential barrier height. 

 

 Direct tunneling (DT) 

 

Another possibility is that carriers overcome the potential barrier via 

tunneling mechanism, directly achieving the CB level without the 

necessity of intermediate-defective states (like hopping). Depending 

on the shape of the potential barrier, different tunneling mechanisms 

are considered. The first one is the called direct tunneling and it takes 

place when the carriers overcome a trapezoidal barrier, being the 

tunneling distance the thickness of the dielectric. Therefore, this 

transport mechanism is normally observed in thin layers with low 

dielectric constant. The current density, which does not depend on the 

temperature, can be expressed by: 

 

𝐽𝐷𝑇(𝐸) =
𝑞2

8𝜋ℎ(𝜙𝑏
1/2−(𝜙𝑏−𝐸𝑑)1/2)

2 𝐸2𝑒𝑥𝑝 [−
8𝜋√2𝑞𝑚∗

3ℎ𝐸
(𝜙𝑏

3/2 − (𝜙𝑏 − 𝐸𝑑)3/2)] .(2.13) 

 

As it can be seen, the current density is independent on the 

temperature, being only the potential barrier height, 𝜙𝑏, the effective 
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mass of electrons, 𝑚∗, and the thickness of the dielectric, d, the critical 

parameters in this kind of mechanism. 

 

 Fowler-Nordheim tunneling (FN) 

 

Under high electric field, larger than the electrode-dielectric barrier 

height, the bending of the band is enough to achieve a triangular-

shaped barrier. Consequently, the effective thickness of the dielectric 

is reduced, increasing the tunneling probability of the carrier to the 

CB. In this case the current density is expressed by: 

 

𝐽𝐹𝑁(𝐸) =
𝑞2

8𝜋ℎ𝜙𝑏
𝐸2𝑒𝑥𝑝 [−

8𝜋√2𝑞𝑚∗

3ℎ𝐸
𝜙𝑏

3/2] .  (2.14) 

 

 Trap-assisted tunneling (TAT) 

 

In both DT and FN mechanisms, described before, carriers arrive 

directly to the CB via tunneling of the electrode-dielectric barrier. 

However, in defective materials governed by electrode-limited 

mechanism, the electrical transport can become tunneling injection 

mediated by the intra-band defect states. In this case, the transport 

mechanism is called trap-assisted tunneling and the current density is 

expressed by: 

 

 

Figure 2.12. Scheme of the energy 

band diagram corresponding to the 

electrode-limited mechanisms. 

The Fowler-Nordheim tunneling 

(FN) takes place through the 

triangular barrier, whereas direct 

tunneling (DT) occurs in the 

trapezoidal part of the barrier. In 

trap-assisted tunneling (TAT), the 

conduction is assisted by traps. 

The Fermi level (EF), conduction 

band (CB) and valence band (VB) 

are also indicated. 𝑞𝜙𝑏 and 𝑞𝜙𝑡 

represent the energy barriers of 

electrode-dielectric interface and 

traps, respectively. 

 

Traps

d



2.4. Electrical Characterization  

 

61 

 

𝐽𝑇𝐴𝑇(𝐸) =
𝑞𝑁𝑡

2𝜏
𝑒𝑥𝑝 [−

8𝜋√2𝑞𝑚∗

3ℎ𝐸
𝜙𝑡

3/2] .        (2.15) 

 

In this case, the conduction depends on the potential barrier of the 

traps 𝜙𝑡, which are lower than 𝜙𝑏. Therefore, this transport 

mechanism is normally obtained at low-medium electric fields. 

 

2.4.2. Resistive Switching Characterization 

 

The analysis of the resistive switching properties of some devices was 

carried out by means of the same experimental system employed for 

the electrical characterization described above. In order to achieve the 

different resistive states, a voltage stress protocol is required, 

supplying the voltage on the top electrode and keeping grounded the 

bottom one. Under enough voltage, typically positive, a sudden 

increase of the current (Set) is obtained by the formation of conductive 

filaments (CFs) in the dielectric layer. Sometimes, this process 

requires setting a current compliance (CC) in order to avoid a 

permanent damage in the devices. The properties of the CNFs are 

strongly dependent on the value of this CC, being its study of great 

interest. At this point, the device is in the low resistance state (LRS) 

and the I(V) characteristics keeps limited by the CC until the voltage 

is low enough to recover current below the CC. The high resistance 

state (HRS) is obtained applying opposite (bipolar) or the same 

(unipolar) voltage. In this case, no CC has to be set because sometimes 

the device needs high current through the CFs to partially dissolve 

them. When this occurs, the current suddenly decreases (Reset), 

recovering the HRS. However, this state is normally more conductive 

than the pristine state (before any structural or chemical 

modifications) because part of the CFs are not totally dissolved. 

 

Once VSet and VReset are determined by the I(V) characteristics, pulsed 

voltages can be applied to write the LRS and HRS and to do the read 

of the states. One resistive switching cycle consists of four 

consecutive pulses:  VSet, VRead, VReset and VRead. With this train of 

pulses, the LRS and HRS can be determined after changing the state, 

depending on the value of the current at VRead. In order to carry out 

these pulses, an Agilent B1500 semiconductor device analyzer was 

programed using MatLab software, resulting in total remote control 

of the voltages and applied times. 
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2.5. Electro-Optical Characterization 
 

2.5.1. Electroluminescence Spectroscopy 

 

When luminescent centers are excited as a result of the current 

injection, the emission is called electroluminescence (EL) and the 

spectra and their dynamics have great interest for the optoelectronics 

industry. In this case, device structure is required, having transparent 

electrode like TCOs to collect the emitted light. The excitation of the 

luminescent centers is more complex than in PL because it depends 

on the device design and on the electrical properties of the materials 

involved. This luminescence can take place through two different 

mechanisms, either via electron-hole recombination or via energy 

transfer of the carriers. The first one requires the simultaneous 

injection of electrons and holes from the anode and cathode, 

respectively, while in the second one the conduction electron impact 

on the luminescent center is the origin of the excitation 

 

The experimental system employed to analyze the EL emission of 

some devices consisted of an Agilent B1500 semiconductor device 

analyzer, used for the electrical excitation of the devices, with 

Cascade Microtech Summit 11000 probe station, such as described 

before. The light emission was collected by a Seiwa 888 L 

microscope, working with a NIR 20× objective with NA = 0.4. 

Integrated emission was collected by means of a Hamamatsu R928 

GaAs PMT, collecting directly the light from the microscope and 

connected to a HP multimeter. EL spectra were acquired with a 

Princeton Instruments LN-cooled charge-coupled device (CCD), 

coupled to an Oriel monochromator. 

 

2.5.2. Time-Resolved Electroluminescence 

 

Analogously to PL measurements, the dynamics of the EL can be 

analyzed by means of pulsed excitation, obtaining information about 

the nature of the luminescent centers. In this case, the excitation is 

carried out by electrical pulses with enough voltage intensity to induce 

the excitation of the luminescent centers. In contrast to PL, both 

positive and negative polarizations can be explored, which is of great 

interest in devices that present rectification behavior. In this case, the 
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dynamics of both accumulation and inversion regimes can be 

analyzed and information about the mechanisms that govern the 

process can be obtained. In addition, the possibility to alternate 

positive and negative voltages can avoid the charge accumulation that 

some devices present, typically at the interface between different 

materials. Sometimes, when the polarization of the voltage changes, 

this accumulated charge is discharged, inducing and overshoot in the 

current intensity in the device and consequently in the intensity of the 

emitted EL. This effect is observed in the case of the Si-NCs due to 

the accumulation of positive charge when the device works in 

accumulation regime, being neutralized by the electrons of the 

substrate when the inversion regime is induced. 

 

This characterization was achieved using a pulse generator module 

implemented in the Agilent B1500 with a minimum pulse width of 10 

 
 

Figure 2.13. (a) Photograph of the system employed for the electrical and 

electro-optical characterization, which contains a probe station and a microscope 

to collect the EL emission from the devices, which can be detected either using 

a PMT or a CCD. (b) Photograph of a device contacted with a tip through the 

ocular of the microscope. (c) Screen of the software used for the analysis of the 

I(V) curves implemented into the Agilent B1500 semiconductor device analyzer. 
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ns. The corresponding EL emission was detected by the PMT and 

monitored by an Agilent Infiniium DSO 8064A oscilloscope.   
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3. Si-Based Materials for 
Optoelectronics and Resistive 
Switching 

 
 

“Change is never painful, only the 

resistance to change is painful” 

  

Gautama Buddha  

 

 

An important part of this Thesis is focused on Si-based materials for 

optoelectronics and resistive switching applications. In this chapter, 

the results obtained from these materials are presented, including 

published papers with their corresponding summaries. These results 

are divided according to the two different materials under study. The 

first one consists of silicon-aluminum oxynitride (SiAlON), which has 

been used as RE host matrix, in particular doping it with cerium and 

europium ions by sputtering and PLD techniques. The resistive 

switching properties of undoped SiAlON thin films are presented, 

observing modification in their structural and chemical composition. 

The second Si-based explored material consists of multilayered Al-

Tb/SiO2, fabricated via EBE using the delta-doping approach. The 

optimal layer configuration to enhance the Tb3+ emission, together 

with the other fabrication parameters, was determined. Finally, the 

effect of this multilayered structure and the influence of the RE on the 

resistive switching properties were analyzed as well. 

 

3.1. Silicon-Aluminum Oxynitride (SiAlON) 
 

Despite the excellent optical properties that the SiO2 host matrix has 

demonstrated when doped with REs, the low RE solubility in SiO2 

causes RE clustering [114]. In order to solve this problem, other Si-

based materials have been explored as alternative host matrices, being 

Si3N4 one of the most interesting ones for its larger RE ion solubility 

compared to the SiO2 one. In addition, the lower band-gap (4–5 eV) 

of Si3N4 can enhance the electroluminescence properties, thus 

http://www.azquotes.com/quote/671786?ref=resistance-to-change
http://www.azquotes.com/quote/671786?ref=resistance-to-change
http://www.azquotes.com/author/37842-Gautama_Buddha
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becoming a good candidate for electro-optical applications [115]. 

Therefore, the possibility of combining both SiO2 and Si3N4 host 

matrices (SiOxNy) becomes an interesting idea, taking advantage of 

the electrical properties and good solubility of Si3N4, together with the 

presence of oxygen in SiO2 for the correct C4V conformation that the 

REs require for optical activation. On the other hand, the introduction 

of other elements like Al (SiAlxOyNz) has provided the possibility of 

tuning the electrical properties, being this quaternary host matrix more 

adequate for electro-optical properties.  

 

Beyond the excellent electro-optical properties of SiAlON as RE host 

matrix, its electrical properties, which can be modulated depending on 

the stoichiometry, can attract great interest as Si-based material 

compatible with CMOS technology. In addition, the fact that other 

related compounds like SiOx [116], AlOx [117] or AlNx [118] present 

resistive switching properties, suggests that SiAlON could have a 

similar behavior, consequently becoming a good candidate for RRAM 

applications. In this respect, the resistive switching properties of 

SiAlON onto p-type Si substrate was explored, depositing Al 

electrodes in MIS structure. 

 

In this way, two different collaborations have been carried out in order 

to study the electro-optical properties of RE-doped SiAlxOyNz. The 

first collaboration consisted of Ce-doped SiAlxOyNz samples 

fabricated in the Center of Research on Ions, Materials and Photonics 

(CIMAP) at the University of Caen Normandy (UNICAEN) led by Dr. 

Christophe Labbé. The materials were deposited onto p-type Si 

substrate by means of the RF sputtering technique using a 

combination of CeO2, Si and Al targets under a N2 gas flow. Different 

stoichiometries were explored and the electro-optical properties of 

each compound were determined. The second collaboration consisted 

of Eu-doped SiAlON samples deposited by PLD onto p-type Si 

substrate. Samples were fabricated by the Laser Processing Group of 

the Instituto de Óptica (CSIC) in Madrid, led by Dr. Rosalía Serna. 

To explore the electroluminescence of the samples, the device 

structure was completed in the clean room facilities of the Faculty of 

Physics at the University of Barcelona, depositing ITO as top 

electrode and aluminum in the rear side of the Si substrate by EBE. 

The electrical and electro-optical characterization of all devices was 

carried out in the EL lab of the research group. 

http://www.ganil.fr/ciril/index_gb.htm
http://www.ganil.fr/ciril/index_gb.htm
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3.1.1. Optical and Electro-Optical Properties 

 

The optical and electro-optical characterization of the RE-doped 

SiAlON is divided into two subsections, one for each collaboration. 

In the first one, the results obtained from Ce-doped SiAlON fabricated 

by sputtering in Caen are presented in detail, whereas the second one 

refers to the Eu-doped SiAlON PLD-fabricated in Madrid. 

 

3.1.1.1. Ce-doped SiAlON by RF sputtering 

 

Samples were fabricated in Caen by means of RF sputtering 

technique. The layers were grown in a N2 gas flow using a 

combination of CeO2, Si, Al, and SiO2 targets. In a previous study of 

the group of C. Labbé [47], SiOxNy samples were explored, observing 

a dependence of the RE emission on the N concentration and 

suggesting different luminescent centers due to the different Ce 

atomic environment. The blue emission observed in PL measurements 

is related to the Ce3+ ions, being more intense at higher N 

concentration. In our study, a red-shift of the Ce3+ emission is 

observed with respect to the Ce-doped SiOx due to the introduction of 

nitrogen. 

 

Both the electrical characterization and the EL acquisition were 

analyzed in the EL lab at UB. Different samples were studied, 

containing different concentrations of each species (Ce, Al, N). The 

I(V) characteristics suggest an electron transport mechanism governed 

by Poole-Frenkel model, especially at high N concentration, which 

increases the dielectric constant. The presence of RE ions seems to 

contribute to the dielectric constant modification, being slightly larger 

in doped samples. Regarding EL emission, the sample with 4at.% of 

Ce presents a clear blue emission related to the Ce3+ ions, together 

with a broad emission around 900 nm attributed to defects. However, 

sample with 6at.% of Ce, does not exhibit any emission. This effect is 

in agreement with the emission quenching that samples with high RE 

concentration undergo, induced by the non-radiative interaction 

between RE.  

 

The introduction of Al was found to enhance the electrical endurance 

by increasing the breakdown threshold voltage, consequently 

achieving larger electric fields and currents, which in turn increases 
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EL. Poole-Frenkel was also determined as the main electrical 

transport mechanism, being the dielectric constant very sensitive to 

the Al concentration. In contrast to the low EL emission from the 

sample without Al, co-doped sample with 3at.% Al induces Ce3+ 

emission increase by a factor 3, whereas larger Al concentrations 

decrease EL. 

 

This study was presented as invited oral communication in the 

international conference of the 233rd Electrochemical Society (ECS) 

Meeting celebrated in Seattle (USA), in 2018 [see Section B.3. 

Conference Contributions (28)]. From this conference, a proceedings 

paper was published in ECS Trans. Vol. 85(3) 9-21 [see Section A.1. 

List of Articles (I)]. 

 

3.1.1.2. Eu-doped SiAlON by PLD 

 

Following the study of SiAlON as optoelectronic material candidate, 

other samples were fabricated in Madrid. In this case, SiAlON layers 

were doped with Eu by means of PLD onto p-type Si at room 

temperature, using SiAlON and Eu targets. The doping process 

consisted of the ablation of targets, alternating 360 pulses of SiAlON 

and 10 pulses of Eu, being this process repeated 60 times and 

achieving a total thickness of 150 nm. Afterwards, a thermal annealing 

process was carried out at temperatures ranging between 300 °C and 

800 °C for 1 h in air. By XPS analysis, a composition of Si (45at.%), 

O (12at.%), N (40at.%) and Al (3at.%) was determined in undoped 

SiAlON, while an Eu concentration of 1.4at.% was observed in doped 

samples, thus increasing the O/Si ratio. The easy oxidation of the RE 

benefits the incorporation of extra oxygen, resulting in the formation 

of europium oxide compounds. Broad spectra centered around 525 nm 

were observed in all Eu-doped samples annealed at different 

temperatures, which is attributed to the transition from the 

degenerated 4f65d1 level to the ground state 8S7/2 of Eu2+ ions. The 

intensity of the integrated emission increases with the annealing 

temperature, achieving the maximum signal at 600 °C and decreasing 

for higher annealing temperatures. This effect is ascribed to the 

reduction of the host matrix defects, which can contribute to a 

quenching of the emission. More information about this structural and 

optical characterization can be found in Ref. [52, 119]. 
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Similar to the Ce-doped samples presented above, the electrical and 

electro-optical properties of the Eu-doped SiAlON were analyzed in 

Barcelona. Samples were completed as MIS structure, depositing ITO 

dots using a chromium shadow mask as top electrode and aluminum 

in the rear side of the Si substrate as bottom electrode, both by means 

of EBE. 

 

In the Figure 3.1(a), the integrated EL emission of these devices are 

presented as a function of the supplied voltage. In accumulation 

regime (V < 0), the sample presents a threshold voltage EL emission 

around –6 V, whereas 11 V are required in inversion regime (V > 0). 

The representation of this EL emission as a function of the injected 

current in log-log representation can be observed in the Figure 3.1(b), 

where the curves of both regimes have the same characteristics. In this 

case, the curves present the same threshold current around 1×10-5 A 

and follow a potential dependence between the integrated EL and the 

injected current. In order to determine the origin of this EL emission, 

the spectra were collected via a monochromator coupled to a CCD. 

The inset of the Figure 1(b) represents the EL spectra of a device 

supplied at different voltages. A clear emission is observed when 

voltages higher than –6 V are supplied, in agreement with the 

observed integrated EL emission. In addition, the fact that these 

spectra present a broad emission confirms the Eu2+ state of the RE 

ions, as observed in PL emission. 

 

 

 

 
 

Figure 3.1. Integrated EL emission as a function of (a) supplied voltage and (b) 

injected current. The inset in (b) represents the EL spectra at different supplied 

voltages. 
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3.1.2. Resistive Switching Properties 

 

After the good results that SiAlON presented as RE host matrix, the 

resistive switching properties of this material were studied in order to 

explore its viability in RRAM applications. For this, devices were 

adequately electrically stimulated to achieve the Set and Reset 

processes between two resistive states, and the dominant electrical 

transport mechanism was determined in both cases. In addition, a 

detailed comparison between pristine and electroformed devices was 

carried out, analyzing both structural and chemical composition 

modifications between them. 

 

3.1.2.1. SiAlON as resistive switching device 

 

An in-depth study of the resistive switching properties of 

Al/SiAlON/p-type Si devices was performed. The devices were 

fabricated using the analogous process employed for Eu-doped 

samples for the electro-optical characterization (see section 2.1.2.2. 

Pulsed-Laser Deposition), but in this case without the RE and 

replacing ITO for Al as top electrode. Before the electrode deposition, 

the samples were submitted to an annealing treatment at 700 °C for 1 

h in air. For the resistive switching characterization, devices 

underwent a specific protocol applying on the top electrode a positive 

voltage ramp. A sudden increase of the current was observed around 

20 V, inducing the switch to the LRS and requiring a compliance 

current of 0.5 mA to avoid permanent damage. This first step is known 

as electroforming process, in which the conductive paths are created 

for the first time. During this step, small features appeared in the top 

electrode, being visible in situ with the optical microscope of the 

system. The Reset process from LRS to HRS was achieved after 

applying a negative voltage ramp without compliance current, taking 

place around -4 V. At this point, the protocol was repeated, showing 

more conductivity in HRS than in pristine state and presenting VSET 

~15 V, lower than during electroforming. Reading the resistive state 

at -0.5 V, a difference of 5 orders of magnitude in current between 

both resistive states was observed, being 6.6 kΩ cm and 2.5 GΩ cm 

the resistivities at LRS and HRS, respectively.  Moreover, the 

electrical transport mechanisms corresponding to both states were 

analyzed, showing ohmic behavior in LRS and Poole-Frenkel as 

dominant mechanism in HRS. 
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In order to explore the small features appeared during the 

electroforming process, SEM images were acquired, showing bubble-

like features in the Al top electrode. The cross-section of these 

features could be also observed by FIB, thus corroborating the bubble-

like structure. Other smaller and irregular features were also observed, 

in this case attributed to a precipitation of SiAlON. To study better 

these features, HRTEM images were carried out on both structures. 

As observed by SEM, bubble-like features are formed as a 

consequence of the bending of the Al electrode. The fact that the Al 

electrode is detached from SiAlON layer suggests a gas eruption from 

SiAlON, similar to other observations on different metal oxides in 

which oxygen diffusion is the main process of conductive path 

formation via oxygen vacancies [120]. Regarding the SiAlON 

precipitate, irregular contrast was observed, indicating different local 

compositions within. In addition, and directly under the precipitate, 

the SiAlON layer presents a dark region in the bright-field TEM 

image, which suggests a different composition of the film. The 

chemical composition analysis of these regions was carried out using 

EELS. Color-coded plasmon energy maps showed a clear 

modification of the SiAlON composition in the precipitate, presenting 

higher-energy plasmons that were ascribed to a higher presence of 

either oxygen or nitrogen (SiO2 and Si3N4 plasmon peaks). In contrast, 

the region under the precipitate exhibited a higher silicon 

concentration than unaltered SiAlON. These observations are in 

agreement with the out-diffusion of oxygen and/or nitrogen and they 

could be directly related to the conductive path formation. In order to 

determine which species (either oxygen or nitrogen) is responsible for 

the gas diffusion, composition density maps of the precipitate were 

carried out from core-loss EELS images, integrating the area under 

the K edges of N and O at 401 eV and 532 eV, respectively. This 

analysis concluded that the out-diffusion is attributed to both oxygen 

and nitrogen, being the precipitate rich in both elements and the region 

just above presenting a lack of nitrogen and oxygen.   

 

This study was presented in the international conference of the 

European Materials Research Society (EMRS) Spring Meeting 

celebrated in Strasbourg (France) and in the national Conference on 

Electron Devices (CDE) celebrated in Barcelona (Spain), both in 

2017, respectively as oral communication and poster presentation [see 
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Section B.3. Conference Contributions (26 and 19)]. This study was 

also published in Nanotechnology Vol.29 235702 [see Section A.1. 

List of Articles (II)]. 

 

3.2. Multilayered Al-Tb/SiO2 
 

As mentioned in the introduction of this thesis, [see Chapter 1.3. (Rare 

Earth)], the trivalent state of RE ions into a host matrix presents 

optical emission with narrowed spectra because of their 4f-electronic 

levels in an open shell. In these conditions, terbium ions exhibit 

intense emission in the visible range due to their 5D4  7Fi transitions 

(i = 6, 5, 4 and 3), taking place around 488 nm, 542 nm, 586 nm and 

622 nm, respectively. In this case, the 542-nm transition is the most 

intense one, giving the sample a green-colored emission. In order to 

obtain this RE emission and avoid the clustering, very low atomic 

percentage of the ions must be introduced into the host matrix 

(1%−3%) and distributed as homogeneously as possible. Another 

possibility makes use of the so-called delta-doping approach, in which 

the RE is introduced into the host matrix by depositing very thin layers 

of RE separated by layers of the matrix material. These RE layers 

should be as thin as possible, being thicknesses below the atomic 

radius the optimum ones to attain isolated RE atoms while preventing 

lateral clustering. The inter-RE distance in the growth direction can 

be controlled by the thickness of the host matrix, which separates the 

RE layers. On the other hand, it is well known that the introduction of 

metal atoms in the sample as co-doping element enhances the optical 

emission of the RE by modifying its local environment. 

 

In this study, Tb-doped SiO2 samples were fabricated by electron 

beam evaporation via the delta-doping approach, in which pure Tb 

and SiO2 targets were alternatively evaporated to obtain a 

nanomultilayer (NML) structure. The nominal thickness of the Tb 

layer was 0.4 nm, which is the thinnest layer that the fabrication 

system permits. Other samples were also fabricated that were co-

doped with Al in different layer configurations in order to obtain the 

best structure for the optical activation of the RE. Optical 

characterization of the samples was carried out via photoluminescence 

in the visible range, analyzing the spectra emission under the 325-nm 

line of a He-Cd laser. The effect of the thickness of the SiO2 layer and 

the annealing temperature was also studied. The next step of this study 
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consisted of the structural and chemical characterization of samples, 

obtaining HRTEM images of the NMLs and their composition by 

means of EELS and XPS. The effect of Al on the photoluminescence 

was analyzed and discussed in depth and related to the emission 

dynamics of the RE. In order to complete the electro-optical 

characterization of the material, device structure was achieved after 

depositing ITO as top transparent electrode and Al in the rear side of 

the substrate. Electrical characterization allowed comparing the 

conductivity of the devices with and without Al, suggesting different 

charge transport mechanisms. Electroluminescence emission was also 

obtained, being the spectra in agreement with the PL measurements. 

A quenching of EL was observed in successively acquired spectra at 

constant injected current, which was directly correlated to a reduction 

in the resulting voltage. This fact was attributed to a conductive path 

formation via oxygen vacancies, which is one of the mechanisms for 

conductive filaments formation in resistive switching devices. These 

results induced us to explore both the resistive switching properties of 

these devices and the role of the RE in these electrical properties. 

Hence, the last part of this study was the resistive switching 

characterization of Al-doped and Al- and Tb-codoped SiO2 devices, 

both presenting memristive behavior. The introduction of the RE 

presents clear differences in the Set and Reset voltages, even 

achieving self-compliance behavior in some cycles. In the next 

subsection, these studies are described more in detail and the 

corresponding paper publications are as well presented. 

 

3.2.1. Optical and Electro-Optical Properties 

 

3.2.1.1. Al and Tb delta-doped SiO2 by e-beam evaporation 

 

This first part of the study is focused on fabrication parameters like 

the thickness of the SiO2 layers (d) and the annealing temperature (Ta), 

aiming at determining the optimum process for the optical activation 

of the Tb3+ ions. The NMLs were deposited onto crystalline p-type 

(100)-Si substrate by EBE. The employed system was a PFEIFFER 

VACUUM Classic 500 with a Ferrotec GENIUS electron beam 

controller and a Ferrotec CARRERA high-voltage power supply. In 

order to achieve delta-doping, the nominal thickness of the Tb3+ layer 

was fixed at 0.4 nm, being the lowest thickness allowed by the system, 

and the substrate temperature was kept constant at 100 °C. The 
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structure of the samples consisted of 15×(Tb/SiO2) bilayers, with SiO2 

sublayer thicknesses ranging from 1.0 nm to 3.0 nm (inter-RE ion 

distance in the growth direction). This structure was protected by two 

10-nm-thick buffer and capping SiO2 layers, respectively at the 

bottom and on top of the NMLs. Finally, samples were submitted to 

an annealing process at 700 °C, 900 °C and 1100 °C for 1 h in N2 for 

the optical activation of the RE. The PL of the samples was analyzed 

in the visible range (400 –700 nm), exciting the samples with the 325-

nm line of a He-Cd laser and obtaining a Tb3+-related emission in all 

the samples. Annealed samples exhibit the most intense luminescence 

due to a broad emission related to defects of SiO2 (oxygen vacancies). 

However, the intensity of Tb3+, subtracting the defect-related 

emission, presents the most intense emission in the as-deposited 

sample. The fact that the annealing treatment does not improve the 

activation of more Tb3+ ions as luminescent centers, being these 

already optically activated during the deposition process, confirms 

their poor diffusion within the oxide and the role of matrix defects 

avoiding their optical activation. Regarding the intra-RE distance in 

the growth direction (d), it was observed that the PL emission of the 

Tb3+ is very low for d ≤ 1.4 nm, whereas it clearly increases for thicker 

layers until values around d ~ 2.2 nm, beyond which the emission 

keeps constant or slightly decreases. This fact confirms that thin SiO2 

layers allow for the interaction between REs, which in turn increases 

the occurrence of non-radiative processes. Using thicker layers, 

however, the inter-RE distance in the growth direction prevents this 

effect, consequently obtaining a larger number of optically-activated 

Tb3+ ions.  

 

The influence of Al on the optical properties of Tb3+ ions was 

investigated through the fabrication of new samples with different 

configurations of Al, Tb and SiO2 layers, presenting in all cases the 

same concentration of Tb. Al layers were deposited either separated 

by SiO2 layers or close to Tb layers in different structures. In contrast 

to the samples without Al, all co-doped samples exhibit clear 

enhancement of the PL emission of the Tb3+ ions when annealed, as 

high as one order of magnitude in the case of the structure in which 

the Tb is sandwiched by two Al layers. PL dynamics was analyzed via 

time-resolved measurements at the Tb-related emission wavelength of 

542 nm, the samples without and with aluminum, under the best 

configuration in terms of optimum emission, being compared. Two 
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single exponential decay times were observed in both cases, 

suggesting more than one luminescent center. The fast decay time is 

different for both samples, being faster in the sample without Al with 

0.6 ms, while the sample with Al presents a decay time of 1.2 ms. 

These fast decay times are ascribed to cross-relaxation processes due 

to the RE-RE interaction, which quenches the Tb3+-related emission. 

This effect is more evident in the sample without Al, where the 

interaction with the RE neighbors becomes more probable. However, 

the slow decay time is the same for both samples, with a value of 1.6 

ms, which is attributed to the decay time of the Tb3+ ions in a proper 

C4V configuration.    
 

This study was presented in the international conference of the 

European Materials Research Society (EMRS) Spring Meeting 

celebrated in Lille (France) and in the Society of Photographic 

Instrumentation Engineers (SPIE) Microtechnologies celebrated in 

Barcelona, both in 2015, as oral communications [see Section B.3. 

Conference Contributions (9 and 12)]. From the second conference, a 

proceedings paper was published in Proc. of SPIE Vol. 9520 95200K-

1 [see Section A.1. List of Articles (III)]. 

 

3.2.1.2. Structural and optical properties of Al-Tb/SiO2 

 

The next step consisted of analyzing how Tb and Al layers are 

distributed within the NML structure. In the case of the co-doped 

sample, the structure in which Tb layers are sandwiched by two Al 

layers was selected due to its better optical emission, as determined in 

the previous work [see Chapter 3.2.1.1. (Al and Tb delta-doped SiO2 

by e-beam evaporation)]. This structural characterization was carried 

out by means of HRTEM and HAADF images, and complemented 

with EELS, thus permitting the chemical composition analysis of the 

NMLs at nanoscopic level. Average composition was also measured 

by XPS, which allowed determining the oxidation state of aluminum. 

PL emission was again investigated, by comparing both doped and co-

doped samples, whose dependence on the Tb3+ ions and SiO2 defects 

was explored in both as-deposited and annealed samples at 700 °C, 

900 °C and 1100 °C. Finally, the emission dynamics of the samples 

was also investigated at 542 nm, showing a clear influence of the 

decay time on the annealing temperature. 
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HRTEM images confirmed the NML structure with a small degree of 

waviness. No crystalline domains were observed in any regions, 

which implies that all layers are in amorphous phase. In order to better 

determine the distribution of the Al/Tb/Al stack, element distribution 

maps were acquired, filtering the signal at the energies of the core-

loss edges corresponding to each element. No evidence of the 

sandwiched structure was observed in the Al/Tb/Al stack, being the 

present species totally intermixed and homogenously distributed. 

However, these mixed layers are spatially isolated from the Si signal 

coming from the region where the SiO2 layer is located. To study the 

Al dependence on the bonds surrounding Tb ions, XPS measurements 

were carried out at different depths. Spectra around the bond energies 

corresponding to Al 2p, Tb 4d, Si 2s and O 1s were acquired for both 

doped and co-doped samples, showing clear differences. In the case 

of O 1s, a narrow spectrum was observed at the surface, where only 

SiO2 is present. Nevertheless, a red-shifted and broader spectrum was 

obtained at the middle of the NML, where Tb is present, which is 

attributed to the influence of the Tb ions on the oxygen binding 

energy. The co-doped sample shows more red-shifted and broader 

spectra than the doped one, thus adding another contribution ascribed 

to Al-O bonds. Taking into account the cross-section ratio of each 

element, atomic concentrations were estimated from relative areas of 

the spectra. From the top protective layer, good stoichiometry of the 

SiO2 was obtained. At the middle of the NML an average atomic 

content of 2at.% of Tb was determined for the Tb-doped sample. In 

the Tb and Al co-doped sample, values of 1at.% and 10at.% were 

obtained for Tb and Al, respectively. In this case, an oxygen excess of 

23at.% was detected and ascribed to the oxidation of the Al-Tb stack. 

Considering that all Al atoms are oxidized in Al2O3 form (due to its 

easy oxidation), 45% of Tb atoms should be also oxidized in the form 

of Tb2O3, even forming an Al-Tb-O ternary compound. The fact that 

no extra oxygen was observed in the Tb-doped sample supports this 

assumption, the oxidation taking place only at the interfaces with the 

SiO2 layers. Hence, the introduction of Al close to Tb ions strongly 

affects the local environment of the RE, favoring its oxidation and, 

consequently, having an impact on its emission properties. 

 

The optical characterization was carried out in a similar way than in 

the previous study. In contrast to what was observed in the Tb-doped 

samples, in which the Tb3+-related PL emission did not depend on Ta, 
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Al and Tb co-doped samples present a clear enhancement of the RE 

emission when annealed. The thermal treatment induces the optical 

activation of the RE due to a rearrangement of the local environment 

of the Tb3+ ions by the Al presence. This annealing process also 

activates the defects of the SiO2 host matrix, although this emission 

can be quenched when annealed at very high temperature (1100 °C), 

due to an improvement of the structural arrangement of the SiO2. 

Comparing the RE emission of Tb-doped and Al and Tb co-doped 

samples, annealed both at 1100 °C, an enhancement of one order of 

magnitude was observed in the latter. This fact evidences that the 

presence of Al contributes to improve the optical activation of the RE. 

Similar to the previous study, the emission dynamics of the co-doped 

samples annealed at different temperatures was analyzed at 542 nm. 

The as-deposited sample presents a single exponential decay with a 

decay time of 0.5 ms (similar to the as-deposited sample without Al). 

However, after annealing at intermediate temperatures (700 °C and 

900 °C), two single exponentials were observed, one fast and another 

one slow with decay time of 1.2 ms and 1.7 ms, respectively. The 

dynamics corresponding to the sample annealed at 1100 °C shows 

only one single exponential with a decay time of 1.7 ms, which is the 

same slow decay time that samples annealed at intermediate 

temperatures exhibit. The two different decay times suggest that Tb3+ 

ions are in two different optically-active spatial configurations. In 

fact, different recombination times are ascribed to different ratios of 

radiative and non-radiative processes within the material. A thermal 

treatment at high temperature reduces these non-radiative processes 

by decreasing the defects concentration, and consequently all 

optically-active Tb3+ ions become in the optimum C4V configuration, 

thus showing only one decay time.  

 

This study was published in Journal of Applied Physics Vol. 120, 

135302 (2016) [see Section A.1. List of Articles (IV)], as a final result 

of the structural and optical characterization of the Al-Tb/SiO2 

samples. 

 

3.2.1.3. Electroluminescence of Al-Tb/SiO2 devices 

 

The electrical and EL properties of devices containing Al-Tb/SiO2 on 

a p-type Si substrate were as well inspected. Indium tin oxide (ITO) 

was employed as transparent conductive oxide (TCO) to collect the 
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light emission from the NMLs when an electric field is supplied. The 

measurement setup consisted of an Agilent B1500 semiconductor 

device analyzer and a Cascade Microtech Summit 11000 probe 

station, biasing the voltage on the top contact and grounding the 

bottom one. Electrical transport mechanisms were studied in 

accumulation regime (V < 0), where the light emission from the Tb3+ 

ions was detected, matching the spectrum with the obtained from PL 

and chathodoluminescence (CL). Finally, the quenching of the EL 

emission from the RE, obtained along successive measurements, was 

correlated with a voltage reduction due to an increase of the 

conductivity of the layer via the formation of conductive paths. 

 

In contrast to the samples fabricated for structural and optical 

characterization, in which 15×(Al/Tb/Al/SiO2) NML stacks were 

deposited between two 10-nm-thick SiO2 protective layers, thinner 

samples were employed for the device structure, containing only 

5×(Al/Tb/Al/SiO2) NML stacks without the SiO2 protective layers. 

This thinner structure was selected in order to achieve enough current 

density at low voltages that enables EL emission. The top electrode 

was circle-patterned with ITO by EBE using a chromium shadow 

mask with 200 µm of radius. An annealing treatment of ITO at 600 

°C for 1h in N2 was required to increase its optical transparency. 

Finally, the bottom contact was achieved by depositing full area 

aluminum electrode by EBE as well. Prior to the electrical and electro-

optical characterization, the samples were excited under resonant and 

non-resonant conditions using the 488-nm and the 325-nm lines of 

Ar+ ion and He-Cd lasers, respectively. Similar spectra were obtained 

in both cases, which match with the CL after exciting the samples with 

electrons at 2 keV. Via I(V) characteristics, electrode-limited 

conduction mechanism based on the Schottky emission model was 

found as the main electrical transport mechanism.  

 

Integrated EL was obtained using a PMT, which exhibited an 

emission threshold voltage of 8.5 V. Linear dependence of the EL on 

the injected current was observed with a threshold current of 2 µA. 

The spectrum of this emission was acquired using a LN2-cooled CCD 

camera during 30 s, when the device was excited by injecting -100 µA 

at -18 V. Successive measurements were carried out under the same 

electrical conditions, obtaining a clear quenching of the RE emission. 

Analyzing the evolution of the voltage in these measurements via V(t) 
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characteristics, a direct correlation between EL intensity and voltage 

was obtained, showing a sudden decrease of the voltage after some 

seconds. This effect could be attributed to the conductive paths 

generation during the measurement, which increases current through 

them.  

 

This study was presented in the international conference of the 

European Materials Research Society (EMRS) Spring Meeting 

celebrated in Strasbourg (France) in 2017, as poster presentation [see 

Section B.3. Conference Contributions (23)]. From the conference, a 

proceedings paper was published in Physica Status Solidi A 1700451 

[see Section A.1. List of Articles (V)], being selected as cover picture 

in the Vol. 215, Issue 3, published on February 7th, 2018. 

 

3.2.2. Resistive Switching Properties 

 

In order to better analyze the formation of the conductive paths that 

the electro-optical characterization expects, the resistive switching 

properties of the Al-Tb/SiO2 multilayers onto p-type Si, using either 

Al or ITO as top electrode, were explored to determine whether this 

structural modification can be reversible or not.    

 

3.2.2.1. Tb-Al/SiO2 as resistive switching device 

 

First of all, a device containing Al as top electrode was submitted to a 

positive voltage ramp to induce the electroforming process and, 

therefore, to achieve the LRS. In order to avoid permanent damage to 

the device, a compliance current of 100 µA was set. As can be seen in 

the Figure 3.2, this electroforming takes place around 4 V. The Reset 

process was carried out after supplying a negative voltage ramp 

without current compliance, being around –4 V the voltage at which 

this process occurs. This fact confirms that existence of conductive 

path formation and thus the possibility to modify the material to 

achieve the HRS again. After these interesting results, the device was 

submitted to a larger number of cycles, obtaining similar results. The 

second cycle (showed in red) presents a Set voltage threshold around 

4 V, which is similar to the one observed in the electroforming process 

and having a similar curve in the LRS. The third cycle shows the same 

behavior as the second one. However, the following cycles (in blue) 

present more conductive properties in both resistive states. In this 
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case, the Set process occurs at the same voltage, but a clear voltage 

dispersion is observed. In addition, the shape of the curves indicates a 

decrease of the accumulated charge from –0.75 V to –0.2 V, even 

disappearing in some cases. This behavior change could be interpreted 

as the formation of more conductive paths along the cycle. In fact, all 

curves show a clear instability in the Reset, indicating the complexity 

of this process and how the HRS is strongly dependent on the 

conduction of the material after the Reset. 

 

Once the resistive switching properties of this multilayered structure 

were confirmed, the same process was carried out in devices 

employed in the electro-optical characterization (see subsection 

3.2.1.3. Electroluminescence of Al-Tb/SiO2 devices), being the 

substitution of the Al by ITO as top electrode the only difference with 

respect to the device presented above. These devices were of great 

interest in order to correlate the EL emission previously observed with 

their resistive switching properties. The Figure 3.3 shows the I(V) 

characteristics of a device containing the ITO as top electrode contact. 

In this case, the device requires more voltage to induce the 

electroforming process. This fact could be attributed to the low 
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Figure 3.2. Full I(V) cycles corresponding to a device containing multilayered 

Al-Tb/SiO2 structure onto p-type Si and using Al as top electrode. The black, 

red and green curves correspond to the electroforming process, the second and 

the third cycles, respectively. Blue curves correspond to the following cycles. 
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conductivity of the top electrode, being higher the supplied voltage in 

order to induce the first resistive switching. Regarding the Reset 

process, similar behavior can be observed, requiring a higher voltage 

with respect to the following cycles. In addition, the HRS obtained 

after the first Reset process achieves a resistive state less conductive 

than the other ones. The following cycles presented Set voltage 

thresholds lower than the electroforming one, showing more 

dispersive values around 4 V in comparison to devices containing Al 

as top electrode; therefore, it is clear that the incorporation of ITO as 

top electrode strongly influences on the resistive switching properties 

of the device. However, the necessity to have a TCO as top electrode 

is a requirement to use these kind of devices for electro-optical 

application, yielding light from them in specific conditions. 

 

In order to determine whether the devices emit light via EL under 

these specific resistive conditions, I(V) characteristics was measured 

while simultaneously collecting the integrated EL emission. The 

Figure 3.4(a) shows a complete cycle with the electroforming and 

Reset processes and Figure 3.4(b) presents the corresponding 
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Figure 3.3. I(V) curves of different resistive switching curves of a device 

containing multilayered Al-Tb/SiO2 structure onto p-type Si and using ITO as 

top electrode. The black, red, green and blue curves correspond to the 

electroforming process, the second, the third and the fourth cycles, respectively. 
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integrated EL emission. First of all, no emission is observed at low 

voltages due to the low current that the pristine device presents. 

Around 8 V, a current instability can be seen together with a slight EL 

emission. For supplied voltages higher than 12 V, the device recovers 

a current stability progressively increasing its current and showing an 

integrated EL emission with incremental value. About 16 V, the Set 

process takes place, being the current of the LRS limited by the 

current compliance. At this moment, the integrated EL emission is 

totally quenched, not exhibiting any EL emission along the rest of the 

 
 

Figure 3.4. (a) Complete I(V) resistive switching cycle corresponding to the 

device containing multilayered Al-Tb/SiO2 structure onto p-type Si and using 

ITO as top electrode. (b) Integrated EL emission simultaneously collected with 

the I(V) characteristics of the resistive switching cycle presented in (a). 
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curve in the LRS. Analyzing the Reset process, a more complex 

behavior is observed. Supplying negative voltage, the device does not 

show EL emission while the LRS is present (see point 1). The Reset 

occurs in two processes. The first one is around –2 V, decreasing the 

current through the device. However, the supplied voltage is enough 

for the correct excitation of the luminescent centers (see point 2). The 

second Reset process takes place around –3 V, obtaining a more 

resistive state than the previous one. In this case, the device shows a 

slight EL emission, which progressively increases after higher 

negative voltage is applied (see point 3). Once the cycle reaches the 

maximum negative voltage and the voltage ramp goes back, this EL 

emission starts decreasing as well (see point 4) until –4 V, where the 

EL emission is totally quenched (see point 5). 

 

As it can be observed, there is a current difference between the points 

3 and 4. This fact can be attributed to the instability of this resistive 

state, presenting continuous structural and chemical modifications of 

the material. In addition, the corresponding integrated EL in this 

region of the I(V) characteristics presents a lower-intensity light 

emission. The Figure 3.5 plots the integrated EL emission as a 

10
-13

10
-11

10
-9

10
-7

10
-5

10
-3

10
-1

10
-4

10
-3

10
-2

1

2

4
3

 Positive bias

 Negative bias

 

 

In
te

g
ra

te
d
 E

L
 i
n
te

n
s
it
y
 (

A
rb

. 
u
n
it
s
)

|Current| (A)

5

 
 

Figure 3.5. Integrated EL emission as a function of the injected current, in log-

log representation, corresponding to the EL emission presented in the Figure 3.3 

(b), which was simultaneously collected during the resistive switching cycles 

shown in the Figure 3.3 (a). 
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function of the injected current in log-log representation, which shows 

two clear emissions that correspond to the two voltage polarization 

states of the device. At positive voltages, corresponding to the 

electroforming process, a linear dependence of the integrated EL on 

the injected current is observed with a threshold current around 2×10–

6 A. In contrast, the integrated EL emission after the Reset process, 

corresponding to negative voltages, shows higher threshold current 

around 1×10–4 A. In this latter case, the dependence is linear as well, 

thus indicating that the intensity of the EL directly depends on the 

injected current as long as the luminescent centers have enough 

energy excitation. 
3.3. Paper I  



3.3. Paper I  

 

85 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

86 

 

 



3.3. Paper I  

 

87 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

88 

 

 



3.3. Paper I  

 

89 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

90 

 

 



3.3. Paper I  

 

91 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

92 

 

 



3.3. Paper I  

 

93 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

94 

 

 



3.3. Paper I  

 

95 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

96 

 

 



3.3. Paper I  

 

97 

 

 





3.4. Paper II  

 

99 

 

3.4. Paper II 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

100 

 

 



3.4. Paper II  

 

101 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

102 

 

 



3.4. Paper II  

 

103 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

104 

 

 



3.4. Paper II  

 

105 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

106 

 



3.5. Paper III  

 

107 

 

3.5. Paper III 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

108 

 

 



3.5. Paper III  

 

109 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

110 

 

 



3.5. Paper III  

 

111 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

112 

 

 



3.5. Paper III  

 

113 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

114 

 

 



3.6. Paper IV  

 

115 

 

3.6. Paper IV 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

116 

 

 



3.6. Paper IV  

 

117 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

118 

 

 



3.6. Paper IV  

 

119 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

120 

 

 



3.6. Paper IV  

 

121 

 

 
 





3.7. Paper V  

 

123 

 

3.7. Paper V 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

124 

 

 



3.7. Paper V  

 

125 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

126 

 

 



3.7. Paper V  

 

127 

 

 



3. Si-Based Materials for Optoelectronics and Resistive Switching 

128 

 

 



3.7. Paper V  

 

129 

 

 





 

131 

 

4.  Materials for Optoelectronics 
and Resistive Switching 

 
 

“The difference between stupidity and 

genius is that genius has its limits” 

  

Albert Einstein  

 

 

Beyond Si-based materials, which have demonstrated good electro-

optical properties, other materials have been explored to be employed 

in optoelectronics, being metal oxides among the most interesting 

ones. One of the most studied metal oxides is ZnO, which presents 

excellent electrical and optical properties due to its high versatility. 

Depending on the growth condition, ZnO can become intrinsic, p-type 

or n-type. This possibility, together with its non-toxicity and 

abundance, opens its applicability as RE host matrix or electrical 

contact. Moreover, the optical transparency that presents in the visible 

range is suitable to be employed as TCO as well. Similar to Si-based 

materials, described in the Chapter 3, the resistive switching 

properties of ZnO are presented, completing the characterization of 

the material. In this Thesis, ZnO layers have been employed as both 

host matrix of RE luminescent centers and as TCO for the EL of Si-

NCs embedded in SiO2 matrix. Therefore, this chapter is divided into 

two subsections, depending on the function of the ZnO layer. In both 

cases, electro-optical and resistive switching properties are presented, 

being some results published in international peer-reviewed journals. 

 

4.1. Tb- and Eu-doped ZnO 
 

In this subsection, the study of ZnO doped with different REs has been 

presented as result of a collaboration with UNICAEN. In order to 

achieve device structure with well-insulated devices, SiO2 windows 

were initially opened onto the p-type Si wafers at CNM. After this 

process, active layers were deposited at UNICAEN, consisting of ZnO, 

Tb-doped ZnO, Eu-doped ZnO and Tb:Eu-doped ZnO. These layers 

http://www.azquotes.com/quote/671786?ref=resistance-to-change
http://www.azquotes.com/quote/671786?ref=resistance-to-change
http://www.azquotes.com/author/37842-Gautama_Buddha
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were grown by means of RF sputtering, using Tb4O7 and Eu2O3 targets 

as dopants, and a ZnO target for the host matrix. After the deposition, 

samples were annealed at 450 °C for 1 h in an argon atmosphere. 

Finally, ITO was deposited (at CNM) as top electrode and aluminum 

in the rear side of the substrate. 

 

The optical characterization via PL was carried out at UNICAEN, 

exciting the samples with a 450-W Xenon lamp and collecting the 

resulting PL emission using a Horiba Spectrofluorometer Fluorolog. 

The electro-optical characterization was performed in the EL 

laboratory of the research group in Barcelona, using the system 

described in the Section 2.5.1. Electroluminescence Spectroscopy. 

 

4.1.1. Optical and Electro-Optical Properties 

 

The first study consisted of the optical characterization of the material, 

analyzing the PL  spectra of samples. In the Figure 4.1(a), the spectra 

of all samples are represented. Undoped ZnO presented two features 

related to the band-to-band emission around 380 nm and defects of 

the ZnO around 590 nm, as expected. In the case of Tb-doped ZnO 

samples, four narrow features appear, which can be attributed to the 
5D4

7Fi (i = 3, 4, 5 and 6) electronic transitions of the Tb3+ions. 

Similar results were obtained for Eu-doped ZnO, but presenting a 

peak around 615 nm, ascribed to the 5D0
7F2 electronic transition of 

Eu3+ ions. The RE emission observed in both cases confirms that REs 

are optically active, presenting a decrease of the defect-related 

emission. In the case of the co-doped sample with both Tb and Eu 

ions, no emission of Tb3+ is obtained, being the peak at 620 nm the 

only feature, which is related to the Eu3+ emission. However, an 

enhancement of this Eu3+ emission is observed when the sample is co-

doped with Tb ions as well. Other similar studies, reported in the 

literature, have determined the origin of this behavior. Park et al. 

observed energy transfer from Tb3+ to Eu3+ ions in gadolinium 

aluminate garnet (Gd3Al5O12, GAG) doped with different REs, being 

the probability of this transfer strongly dependent on the concentration 

of Eu3+ [121]. These results agree with the ones observed in the hereby 

presented work. The excited 5D4 electronic level of Tb3+ can transfer 

the energy to Eu3+ via the 5D4
7F6 relaxation (~2.5 eV). This energy 

is close to the corresponding energy of the 7F6
5D1 electronic 

transition of the Eu3+ (~2.3 eV), being the energy transfer very 
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efficient. After the non-radiative relaxation to the 5D0 electronic level, 

the radiative 5D0
7F2 relaxation takes place [see Figure 4.1 (b)][37]. 

 

These results motivated the further exploration of the electro-optical 

properties of the RE-doped ZnO. First of all, the I(V) characteristics 

were analyzed, obtaining similar curves for all samples. The Figure 

4.2(a) represents the current density as a function of the applied 

voltage. A clear rectifying behavior can be observed in all devices, 

due to the N-I-P design. In accumulation regime (V<0), undoped ZnO 

exhibits more conductivity than doped samples, being the ZnO co-

doped with both REs the least conductive. As it is well known, the 

introduction of REs into a semiconductor reduces its conductivity; in 

the case of ZnO, the presence of REs influences directly on the grain 

boundaries, tending to form aggregates and thus destroying the grain 

boundary structure [37]. 

 

The next study consisted of the EL analysis. In this case, the largest 

devices (area of 0.92 mm2) were employed to maximize the acquired 

emission signal. The Figure 4.2(b) plots the integrated EL intensities 

 
 

Figure 4.1. PL spectra of undoped ZnO, Tb-doped ZnO, Eu-doped ZnO and Tb- 

and Eu-codoped ZnO. (b) Scheme of the energy transfer mechanism from Tb3+ 

ions to Eu3+ ions. Solid arrows represent the radiative transitions, while dashed 

ones the non-radiative transition [37]. 
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of devices as a function of the applied voltage. The threshold voltage  

is observed in both regimes, showing a lower absolute value in 

accumulation regime (–3 V) than in inversion one (+5 V). In the case 

of the sample co-doped with both Tb and Eu, an important reduction 

in EL intensity is observed. This could be attributed to a poorer 

excitation of the luminescent centers when a larger concentration of 

RE ions is present, this EL quenching being due to either a larger 

amount of induced defects or to enhanced clustering. In Figure 4.2(c) 

and Figure 4.2(d), this integrated EL intensities are plotted as a 

function of the injected current in accumulation and inversion 

regimes, respectively. Similar EL yield was found for undoped ZnO, 

Tb-doped ZnO and Eu-doped ZnO devices in both accumulation and 

inversion regimes, presenting threshold currents for EL around 10-3 

A. However, the case of the codoped sample is particular, since it 

 
 

Figure 4.2. (a) J(V) characteristics of undoped ZnO and doped ZnO with Tb, 

Eu, and both REs. (b) Integrated EL of samples versus applied voltage. (c) and 

(d) represent in log-log the integrated EL intensity as a function of current 

intensity in accumulation and inversion, respectively ion. 

 

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
-7

10
-6

10
-5

10
-4

10
-3

 undoped ZnO

 Tb-doped ZnO

 Eu-doped ZnO

 Tb:Eu-doped ZnO

V>0

In
te

g
ra

te
d

 E
L

 (
a

rb
. 
u

n
it
s
)

|Current| (A)

Inversion

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
-7

10
-6

10
-5

10
-4

10
-3

 undoped ZnO

 Tb-doped ZnO

 Eu-doped ZnO

 Tb:Eu-doped ZnO

In
te

g
ra

te
d

 E
L

 (
a

rb
. 
u

n
it
s
)

|Current| (A)

V<0
Accumulation

(a) (b)

-10 -5 0 5 10
10

-10

10
-8

10
-6

10
-4

10
-2

10
0

 

 

|C
u

rr
e

n
t 
d

e
n

s
it
y
| 
(A

·c
m

-2
)

Voltage (V)

 undoped ZnO

 Tb-doped ZnO

 Eu-doped ZnO

 Tb:Eu-doped ZnO

(c) (d)

-10 -5 0 5 10
10

-7

10
-6

10
-5

10
-4

10
-3

 undoped ZnO

 Tb-doped ZnO

 Eu-doped ZnO

 Tb:Eu-doped ZnO

Voltage (V)

In
te

g
ra

te
d
 E

L
 (

a
rb

. 
u
n
it
s
)



4.1. Tb- and Eu-doped ZnO  

 

135 

 

presents a lower threshold current (10–4  A) for EL in accumulation 

regime, but a lower one (2×10–3  A) in inversion regime. 

 

In order to better determine the origin of these EL emissions, spectra 

were acquired with a CCD for 30 s and under different injected 

currents (see Figure 4.3). In all samples, a broad emission background 

was detected, ascribed to the optically-active defects within the ZnO, 

be it intrinsic defects or induced by RE ions doping. Different 

behaviors were observed depending on the current injection regime. 

In all cases, the defects-related matrix emission intensity increases 

with current, being the dominant emission. It is important to note that 

Eu-doped device requires less current to activate the RE emission than 

Tb-doped one, thus exhibiting a higher EL efficiency. As well, and 

 
 

Figure 4.3. EL spectra of (a) undoped ZnO, (b) Tb-doped ZnO, (c) Eu-doped 

ZnO and (d) Tb- and Eu-codoped ZnO at different injected current in 

accumulation regime (V<0). Whereas narrow peaks are related to the RE 

emission, the broad ones are ascribed to the emission of the defects of ZnO. 
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analogous to what was observed in PL, the co-doped sample presents 

no Tb3+ emission. 

 

In general, RE emission could only be observed in accumulation 

regime, increasing its EL emission when the current increases (until 

being quenched at large enough currents). In Figure 4.4(a,b,c), the 

spectra in inversion regime of Tb-doped ZnO, Eu-doped ZnO and 

Tb:Eu-doped ZnO are represented, respectively. As it can be seen, no 

presence of RE emission is observed in the two first samples, being 

the defects-related emission of ZnO the only contribution. However, 

in the case of the co-doped sample [Figure 4.4(c)], a feature around 

615 nm can be observed, which increases with the injected current. 

This peak could be ascribed to the typical radiative 5D0
7F2 transition 

of Eu3+ ions, similar to the one observed in PL. This sample also 

 
 

Figure 4.4. EL spectra of (a) Tb-doped ZnO, (b) Eu-doped ZnO and (c) Tb- and 

Eu-codoped ZnO at different injected current in inversion regime (V > 0). (d) 

Strong enhancement of EL emission of co-doped ZnO sample, showing a 

degradation of the RE emission at higher injected current. 
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exhibits the emission of the ZnO defects, scaling with the injected 

current. Remarkable results were obtained when the injection current 

increased to 10 mA. Figure 4.4(d) shows the EL spectra of the same 

devices, presented in Figure 4.4(c), corresponding to injected current 

of 5 mA, 10 mA and 15 mA. A clear increase of two orders of 

magnitude in EL emission was observed at 10 mA with respect to the 

corresponding one at 5 mA, being the Eu3+ emission the main 

contribution. This abrupt enhancement corresponds to an increase of 

the EL emission efficiency and confirms that the excitation 

mechanism takes place via electron impact. However, further 

increasing the injected current, until 15 mA, the Eu3+ emission 

decreases, despite the broad emission related to ZnO defects keeps 

increasing. This behavior suggested a degradation of the luminescent 

centers. To corroborate this assumption, successive spectra were 

measured keeping the same injected current, confirming that the Eu3+ 

emission is progressively quenched (not shown). In addition, this 

decrease of the RE signal was also correlated to a voltage decrease, 

suggesting that the device becomes more conductive. 

 

Another interesting result is the EL distribution along the device. In 

Figure 4.5(a), a photography of the smaller device working at this high 

injected current is presented. The fact that the strong emission (visible 

 
 

Figure 4.5. (a) Photography of co-doped devices under high injection current, 

where an intense dotted-shape EL can be observed close to the edges of the 

device. (b). EDX map of Zn corresponding to the co-doped samples. The image 

shows the non-abrupt edge of the device responsible of the generation of hot 

electrons via tunneling the SiO2 toward the RE-doped ZnO active layer, exiting 

efficiently the luminescent centers. 
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to the naked eye) appears in the form of dots at the edge of the devices 

suggests two hypothesis. The first one is related to the device 

structure, inducing more efficient excitation of the RE ions at the 

edges of the device. Observing TEM images, non-abrupt shape can be 

seen in this region, presenting thinner SiO2 layers close to the device 

[see Figure 4.5(b)]. The fact that the main emission takes place at the 

edges could be ascribed to the hot electron injection through the 

thinnest part of the SiO2 via tunneling from the Si substrate to the Tb-

Eu:ZnO active layer. These hot electrons have enough energy to 

excite the REs by electron impact mechanism, strongly increasing the 

EL efficiency with respect to the rest of the device area. The other 

hypothesis is related to the dotted-shaped emission. This feature only 

appears under high injected current, increasing sometimes the number 

of emitting dots with time. This behavior can be correlated with the 

decrease of the applied voltage in the successive measured spectra 

mentioned before. Overall, the possible formation of conductive paths 

when the device is submitted to enough voltage can explain both the 

dotted emission and the voltage decrease. 

 

4.1.2. Resistive Switching Properties 

 

The electro-optical properties of these devices suggested the 

formation of conductive paths, which opens the possibility to employe 

them as resistive switching devices. Moreover, they exhibited EL 

emission under high injection current, which could be used as optical 

read as well. Hence, the resistive switching properties of these 

samples were analyzed in detail, and they are presented in the 

following sections. 

 

4.1.2.1. ITO/ZnO/p-Si structure as resistive switching 
device  

 

First of all, the undoped ZnO sample was explored in order to 

determine the resistive switching properties of the ITO/ZnO/p-Si 

structure. In this case, the electroforming was carried out supplying a 

positive voltage ramp at the ITO top contact and setting the current 

compliance at 5 mA, achieving the LRS at 12.5 V. After this 

electroforming, the device was submitted to 100 cycles between –1 V 

and +1 V, presenting Set and Reset processes around +0.4 V and –0.4 

V, respectively, working in self-compliance mode. A current contrast 
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of more than 5 orders of magnitude was observed between both HRS 

and LRS at the Vread = –0.2 V, being 10–11 A and 2×10–6 A the 

corresponding currents, respectively. 

 

In the next step, the device was submitted to a specific pulse-voltage 

pattern, which consists of four pulses corresponding to: (i) inducing 

the Set at +2 V, (ii) reading within the LRS at –0.2 V, (iii) inducing 

the Reset at –1 V and (iv) reading within the HRS at –0.2 V. Whereas 

the duration of the Set and Reset was kept at 50 ms to achieve 

correctly the resistive switching behavior, the lectures were set only 

at 0.1 ms (system limitation). Working at these conditions, the device 

presented an endurance of 103 cycles with 99.5% of success. In this 

case, the LRS current fits well with the measured by voltage ramps 

(2×10–6  A). However, the HRS presented currents around 10–9 A, 

being two order of magnitude larger than using voltage ramps. This 

difference could be attributed to the short duration of the pulse during 

the Reset, affecting the atomic arrangement. 

 

In order to understand better the physics that governs the current 

through the conductive filaments, the charge transport mechanisms of 

the three different resistive states (pristine, HRS and LRS) were 

determined in accumulation regime. The pristine state presented trap-

assisted tunneling (TAT) along 7 orders of magnitude in current, 

which was expected due to the intrinsic intra-band electronic states 

ascribed to the defective nature of the undoped ZnO. In contrast, a 

space-charge limited current (SCLC) was observed when the device 

was in LRS. These results are in agreement with the large amount of 

injected carriers through the conduction filaments, exhibiting a 

quadratic dependence on the voltage. Finally, the I(V) curve 

corresponding to the HRS showed clearly two different trends. 

Initially, the curve presented TAT transport mechanism at low 

voltages, similar to the pristine state. However, for voltages larger 

than 0.7 V, the trend of the curve changes following the Fowler-

Nordheim (FN) tunneling transport mechanism. 

 

Taking into account the obtained parameters from the fits and 

assuming that the re-oxidized region recovers the stoichiometry of the 

pristine state, some structural parameters were estimated like the 

reduction of the effective surface of the device and the thickness of 

the gap between the electrode and the interrupted conductive path. In 
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this case, the effective surface of the device in LRS was reduced form 

2.1×10–3 cm2 to 1.4×10–10 cm2, which corresponds to around 20 

nanofilaments, assuming their reported diameter (10–50 nm) in the 

literature. Regarding the thickness of the gap corresponding to the re-

oxidized region, the parameters extracted from the fits permitted to 

determine a thickness around 9 nm, leading to an electric field of 0.8 

MVcm–1 at 0.7 V. This reduction can explain the change from TAT to 

FN mechanism at 0.7 V, being it ascribed to the enhancement of the 

electric filed due to the reduction of the effective thickness and the 

boundary effect at the tip of the nanofilamens. 

 

This work has just been submitted in Applied Physics Letters (2018) 

[see Section A.1. List of Articles (VI)]. 

 

4.1.2.2. Effect of RE ions on the resistive switching 
properties 

 

Following the resistive switching characterization of the ITO/ZnO/p-

type Si devices, the next step consisted of analyzing the effect of the 

REs on the resistive switching properties. In order to carry out this 

study, the Tb-doped ZnO sample was submitted to the same analysis 

than the undoped one. First of all, different current compliances were 

explored from 1 µA to 5 mA, observing that the introduction of the 

RE permitted to reduce this value some orders of magnitude. In 

contrast to the undoped sample, whose optimum current compliance 

was 5 mA, Tb-doped ZnO allows reducing this value down to 10 µA, 

thus keeping stable the LRS. However, a clear increase of the Set and 

Reset voltages was required to induce the resistive switching, as it can 

be observed in the Figure 4.6(a). Similar to the case of undoped ZnO, 

both HRS and LRS are well defined, their corresponding curves 

matching each other, and exhibiting a current difference of 6 orders 

of magnitude at voltage values around –1 V. The I(V) characteristics 

shows higher voltage dispersion in Set than in Reset, which matches 

perfectly after the two first cycles. 

 

When the device was submitted to pulse-voltage pattern, similar 

results were obtained. In this case, the voltages consisted of 12 V and 

–5 V to induce the Set and Reset, respectively, reading the current of 

each resistive states at –1 V. The duration of each pulsed voltage was 

initially the same than undoped ZnO (50 ms to induce the Set and 
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Reset and 0.1 ms for the reading), obtaining similar results. In Figure 

4.6(b), the cumulative probability of the HRS and LRS current under 

these conditions along 500 cycles is displayed. In contrast to the 

undoped sample, no variation of the current at HRS was observed with 

respect to using voltage ramps. This fact indicates that the Reset 

process is totally completed, using the same time. This effect can be 

explained from the point of view of the role of the Tb ions. The REs 

near the conductive paths could trap part of the out-diffused oxygen 

ions, being easier the re-oxidation of these nanofilaments by filling 

their oxygen vacancies. 

 

 Finally, the electro-optical properties of the Tb-doped ZnO were 

carried out analyzing the electroluminescence of the device by means 

of the system described in the section 2.5. Electro-Optical 

Characterization. The integrated EL signal was detected along the 

whole resistive switching cycle in order to study the emission in both 

HRS and LRS. The Figure 4.7(a) shows the I(V) characteristics of a 

resistive switching cycle, where Set and Reset take place around 15 V 

and –2 V, respectively. Observing the corresponding integrated EL 

emission [Figure 4.7(b)], one can observe that the device does not 

exhibit EL emission in the HRS. Just at the moment when Set occurs, 

a sudden increase of the light emission is observed, showing an 

overshoot. After that, the integrated EL signal remains constant during 

all the time that the current compliance is active. Around 7 V, the I(V) 

curve recovers its own shape decreasing its value and consequently, 

the integrated EL emission also decreases, quenching the emission 

 
 

Figure 4.6. (a) I(V) characteristics of Tb-doped ZnO sample, showing a resistive 

switching behavior. The red line indicates the first cycle corresponding to the 

Electroforming process. (b) Cumulative probability of HRS and LRS current 

measured at –1 V along 500 cycles. 
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about 4 V. Applying negative voltages to induce the Reset process, 

slight EL signal was observed around –2 V in the LRS; however, the 

Reset process, which takes place immediately, quenches this 

emission. After that, no EL emission was observed along the rest of 

the curve in the HRS. The fact that the device does not present EL 

emission in HRS can be explained by the low current that flows 

through the device, which is not enough to induce EL emission. 

Nevertheless, the current around 10–6 A that the device presents at 

voltages larger than 3 V allows for light emission. 

 

In order to identify the origin of this integrated EL emission, emission 

spectra were acquired at +8 V in both resistive states. The Figure 4.8 

shows these spectra between 400 nm and 1100 nm. In accordance to 

what was observed in integrated EL, the HRS does not present EL 

mission along this range, as not high enough current flows through the 

device. However, a broad spectrum was observed applying the same 

voltage (+8 V) in the LRS. Analyzing the shape of this spectrum, no 

emission from Tb3+ ions is observed, whose narrow peaks should 

 
 

Figure 4.7. (a) I(V) characteristics of Tb-doped ZnO sample, showing a resistive 

switching behavior. (b) Integrated EL emission corresponding to the I(V) curve 

of (a). 
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appear between 488 nm and 620 nm [see Figure 4.3(b)]. Therefore, 

only emission ascribed to the ZnO defects is observed, arising 

probably from the conductive paths with high density of oxygen 

vacancies. This issue is in agreement with the observed in Figure 

4.5(a), where bright spots appears under high injection current. 

 

In conclusion, the introduction of REs into the ZnO layer clearly 

changes the resistive switching properties, increasing the required 

voltages to induce the Set and Reset processes. However, it seems that 

this chemical modification limits the out-diffusion of oxygen atoms, 

easing their reincorporation during the Reset process. In addition, both 

the defective nature of ZnO and the results obtained analyzing the EL 

emission, open the possibility to read optically the resistive state as 

well. 

 

4.2. ZnO/Si-NCs/p-Si Light Emitter 
 

In the case that ZnO presents n-type properties, this material can be 

employed as TCO. This kind of electrode is required in devices whose 

active layer needs to absorb or emit light (solar cells or light-emitting 
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Figure 4.8. (a) I(V) characteristics of Tb-doped ZnO sample, showing a resistive 

switching behavior. (b) Integrated EL emission corresponding to the I(V) curve 

of (a). 
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diodes, respectively). In this subsection, ZnO plays the role of TCO 

in devices containing Si-NCs embedded into silicon oxynitride host 

matrix. As mentioned in the section 1.3 Silicon Nanocrystals, the 

optical properties of these nanostructures present interesting 

properties due to the possibility to tune their emission depending on 

their size. 

 

Samples were fabricated depositing multilayered silicon-rich 

oxynitride (SRON)/SiO2 structure onto p-type Si substrate. This 

deposit was carried out by means of PECVD at 375 °C alternating 

both materials. After the deposition, the samples were annealed at 

1150 °C for 1 h in N2 ambient to induce the precipitation of the silicon 

excess in SRON in form of Si-NCs. The device structure was achieved 

after depositing a 100-nm thick ZnO layer on top of the multilayers 

by means of ALD at 200 °C, which was photolithography patterned 

obtaining circular-shaped contacts. Finally, the rear side was full-area 

evaporated with Al as bottom electrode. 

 

4.2.1. Optical and Electro-Optical Properties 

 

The optical and electro-optical characterization of these devices is 

divided into two studies. The first one consists of the modulation of 

the defects-related EL emission of the ZnO layer via AC excitation. 

In the second one, an additional 2-nm-thick Si3N4 interlayer at the Si-

NCs-substrate interface and 10-nm-thick SiO2 capping layer on top of 

the multilayers were introduced. The analysis of the injected current 

and how these layers affect the EL emission was carried out.  

 

4.2.1.1. Modulation of ZnO emission via pulsed excitation 

 

The EL emission was acquired using the system described in the 

section 2.5. Electro-Optical Characterization in Barcelona. Both 

spectra and integrated EL were analyzed under symmetric square 

voltage pulses with 50 µm of period, obtaining an enhancement of the 

EL emission about one order of magnitude compared to DC electrical 

excitation. Applying constant DC excitation of –7 V, which 

corresponds to the accumulation regime, the corresponding EL 

spectra exhibits a broad emission ranging from 400 nm to 1100 nm. 

Taking into account the nature of the device, this emission was 
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deconvolved into two contribution, Si-NCs emission (~900 nm) and 

ZnO defects emission (~700 nm). The first one well agrees with the 

obtained emission in similar devices, but using ITO as top electrode, 

only presenting this contribution due to the no emission of the ITO 

top electrode. 

 

Once both contributions were identified, pulsed excitation was carried 

out using symmetric square voltage pulses between –7 V and 7V. In 

this case, 50% duty cycle was selected over a period of 50 µs, thus 

staying 25 µs in accumulation regime and 25µs in inversion one. 

Under this AC electrical excitation, an enhancement of almost one 

order of magnitude was observed, attributed to the sequential injection 

of carriers from Si substrate towards the Si-NCs. Varying the duty 

cycle of this electrical excitation, but keeping the 50-µs period, a 

quenching of the defective emission of ZnO was observed. The 

shorter the time in accumulation regime, the lower the EL emission of 

ZnO defects. This behavior suggests that the recombination dynamics 

of the different luminescent centers play an important role. The 

analysis of the time-resolved EL was carried out collecting the 

integrated signal with the PMT and displayed using the oscilloscope. 

A symmetric square voltage pulsed of 500 µs with 50% duty cycle 

was employed as electrical excitation. This larger period was selected 

to be sure that luminescent centers, especially Si-NCs, completed their 

excitation. Different dynamics was observed depending on the charge 

injection regime. In accumulation regime, EL emission increases up 

to the DC-like emission level with a rise time of ~18 µs. During the 

voltage pulse in inversion regime, the deep depletion regime is 

achieved and, consequently, an EL overshoot takes place with a rise 

time of ~17 µs, followed by a slower decay of the EL with decay time 

of ~76 µs. In order to understand better the excitation process that 

occurs in both ZnO and Si-NCs luminescent layers, the mechanism 

was analyzed in terms of the energy band diagram. Whereas in 

accumulation regime holes are injected into Si-NCs from the p-type 

Si substrate and electrons from the ZnO top electrode, in inversion 

regime only electrons (minority carriers) of the p-type substrate tunnel 

into Si-NCs. In both cases, the generation of electron-hole pairs within 

the quantum-confined Si-NCs takes place, whose recombination 

induces the EL emission of the Si-NCs. However, the injection 

asymmetry between electrons and holes, due to their mobility 

difference in SiO2, suggests that this generation of electron-hole pair 
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likely occurs via electron impact, the electrons tunneling the SiO2 host 

matrix from the ZnO to Si-NCs. On the other hand, the ZnO EL 

emission can be explained by electron-hole generation as a 

consequence of hole injection from Si-NCs to the ZnO top electrode, 

which presents high concentration of electrons (as ZnO is naturally n-

type). Typically, ZnO does not allow the injection of holes into it, but 

the defect-related deep-level states permit this process. Indeed, the 

fact that no presence of the band-to-band recombination is observed 

in EL supports this assumption. The presence of these holes in the Si-

NC layer could be induced as a result of the electron-hole generation 

due to the band-to-band excitation of Si-NCs and the hole injection 

from the p-type Si, being accumulated at the ZnO/Si-NCs interface. 

The fact that electrons cannot compensate this positive charge in 

accumulation regime could explain that the injection, in inversion 

regime, of electrons from p-type Si into the positive charge of Si-NCs 

generates electron-hole pairs, resulting in the EL emission overshoot 

observed. Once this charges are compensated, the EL emission decays 

because the unlikely hole injection from ZnO and the low electron 

injection from the p-type Si in inversion regime are not enough to 

observe EL in DC excitation. Therefore, ZnO defects-related EL 

emission can be modulated by AC excitation, while simultaneously 

enhancing the EL intensity of the Si-NCs. In conclusion, this study 

demonstrated that ZnO EL emission can be totally quenched, and 

therefore the device EL emission spectral lineshape modulated 

through the visible range, by controlling the duty cycle of the pulse 

excitation. 

 

This work was presented in the international conference of the 

European Materials Research Society (EMRS) Spring 

Meetingcelebrated in Strasbourg (France) in 2017, as oral 

communication [see Section B.3. Conference Contributions (28)]. In 

addition, it finally was published in Applied Physics Letters Vol. 110, 

203104 (2017) [see Section A.1. List of Articles (VII)]. 

 

4.2.1.2. Effect of Si3N4 inversion layer on Si-NCs emission 

 

As observed in the previous study, the injection of electrons from p-

type Si substrate can play an important role for the Si-NCs EL 

emission. However, the low concentration of electrons that this layer 

presents is the main drawback to achieve high carrier injection in 
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inversion regime. In order to overcome this problem, an additional 

thin film of Si3N4 was deposited onto the p-type Si substrate, before 

the multilayered structure of Si-NCs. Three different samples were 

fabricated, containing all of them 5×(Si-NCs/SiO2) bilayers with 

nominal thicknesses of 4.5 nm and 1.0 nm, respectively. The first one, 

consists only of the Si-NC/SiO2 multilayers. In the second one, a 2-

nm thick Si3N4 inversion layer was located between the Si substrate 

and the first Si-NC/SiO2 bilayer. Additional 10-nm thick SiO2 layer 

was deposited on top of the Si-NC/SiO2 multilayers in the third 

sample as carrier injection blocking layer. Finally, device structure 

was achieved after depositing ZnO as TCO as top electrode and Al in 

the rear side of the substrate. The multilayered structure containing 

Si-NCs and the additional Si4N3 and SiO2 layers was confirmed by 

TEM images. 

 

The optical characterization of the samples was carried out by PL 

analysis, showing the typical Gaussian-like spectra ascribed to the 

radiative excitonic recombination of Si-NCs. The sample containing 

SiO2 top layer presented a slight PL redshift, probably caused by a 

modulation (due to internal reflections) generated by this top layer. 

However, no evident spectrum variation was observed due to the 

presence of the Si3N4 inversion layer, indicating that it does not play 

a relevant role in the PL emission. 

 

Regarding the electrical properties, the I(V) curves of the three 

samples were analyzed in accumulation regime. The device 

containing only Si-NCs presents more conductivity that the others, 

being the least conductive the sample containing the SiO2 additional 

capping layer, as expected. The capacitance versus voltage [C(V)] 

curves, obtained at 300 kHz and sweeping between +6 V and –6 V, 

show a flat band voltage  around –0.3 V and the overall capacitance 

about ~120 nF cm–2 for the sample with only Si-NCs. However, the 

sample with the additional Si3N4 layer presents larger capacitance of 

~140 nF cm–2 due to its lower AC conductivity, and lower flat band 

voltage around –2.0 V ascribed to the positive fixed charge within the 

Si3N4 interlayer. The introduction of the oxide blocking barrier 

induces the largest capacitance about ~143 nF cm–2 because of this 

oxide barrier and exhibits a negative threshold voltage shift. 
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The electro-optical properties were determined by studying the EL 

emission of the three devices in both DC and AC electrical excitation. 

In DC, EL spectra were observed only in the samples without the SiO2 

layer, due to the limit of current injection that this layer performs. 

Comparing to PL, broader spectra were determined, which is ascribed 

to the excitation of smaller Si-NCs, which are not efficiently excited 

by photons due to their low cross-section. In this DC conditions, the 

introduction of the Si3N4 layer reduces the carrier injection, and 

consequently the EL emission. However, a clear enhancement of the 

EL emission was observed in all device working in AC and using the 

same electric field than DC and setting a period of 50 µs with a duty 

cycle of 50% (accumulation and inversion times of 25 µs). This 

increase of the EL emission is attributed to the sequential injection of 

carriers after alternate polarization switching. Moreover, devices 

containing the additional Si3N4 layer exhibited a greater enhancement 

when working in AC. The narrower and red-shifted spectra that the 

samples exhibit under pulsed excitation with respect to the PL 

emission were attributed to the modulation of the high- and low-

energy EL emission contributions, depending on the duty cycle of the 

pulsed excitation (see 4.2.1.1. Modulation of ZnO emission via pulsed 

excitation). 

 

In order to understand better this injection process, time-resolved EL 

study was carried out by applying square voltage pulses of ±7 V with 

a period of 1 ms with duty cycle of 50%. This larger period was 

selected to give enough time to complete the decay time in both 

regimes. An emission overshoot was observed immediately after each 

polarization switch, recovering the DC-like emission level when the 

device worked in accumulation regime. This effect was only observed 

in the devices containing the additional Si3N4 layer. However, when 

devices switched from accumulation regime to inversion one, the 

overshoot was observed in all devices followed by an EL decay until 

EL was totally quenched. In accumulation regime, some holes are 

confined in Si-NCs within the layer immediately on top of the 

substrate which might not be recombined with electrons due to the 

asymmetry between electron and hole mobilities in SiO2. When the 

device switches from accumulation to inversion, this positively 

charged Si-NCs attract electrons from the substrate, reaching the 

overshoot peak. After this process, very low injected current is 
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expected because of the fact that electrons are the minority carriers in 

the p-type Si substrate. 

 

This work was published in Advanced Electronic Materials, 1700666 

(2018) [see Section A.1. List of Articles (VIII)]. 

 

4.2.2. Resistive Switching Properties 

 

Analogously to section 4.1.2.1. ITO/ZnO/p-Si structure as resistive 

switching device, the study of the resistive switching properties of 

these of these ZnO/Si-NCs/p-Si devices containing the Si3N4 

inversion was also carried out. The employed experimental system 

was the one described section 2.4. Electrical Characterization. In 

addition, the EL emitted in each resistive state was explored by 

collecting the emitted light using the PMT and the CCD described in 

section 2.5 Electro-Optical Characterization. 

 

4.2.2.1. ZnO/Si-NCs/p-Si as resistive switching device 

 

First of all, and similar to the other studies, different current 

compliances were explored, observing that keeping this current 

limitation at 100 µA permitted to complete some cycles with well-

defined resistive states. In Figure 4.9, the I(V) characteristics of the 

device is presented, showing the electroforming and four completed 

cycles. As observed in other cases, the curve corresponding to the 

electroforming process (i.e., the pristine state) presents less current 

than in following cycles at HRS. This fact is ascribed to residual 

oxygen vacancies still present after the Reset process, which increase 

the effective conductivity of the device. This electroforming process 

took place around 10 V, achieving the LRS limited by the current 

compliance. When negative current was supplied, the HRS was 

recovered between –7 V and –8 V depending on the cycle. Despite the 

fact that the devices only present some cycles before obtaining a 

permanent resistive state, well defined states were observed with a 

current difference about 6 orders of magnitude. 

 

Following the measurement protocol used for the other studied 

resistive switching devices, the EL emission of this device was 

analyzed. The integrated light emission was initially collected by the 

PMT while simultaneously acquiring an I(V) curve. In Figure 4.10(a) 
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a single cycle is presented, where the Set and Reset processes take 

place around 8 V and –7 V, respectively. Observing the corresponding 

EL emission along the whole cycle, which is shown in Figure 4.10(b), 

one can see that the device exhibits EL emission depending on the 

applied voltage and the resistive state. First of all, the device was 

submitted to a positive voltage ramp in the HRS, not yielding EL 

emission at low voltages. The threshold voltage for light emission is 

around 5 V, beyond which EL intensity progressively increases. When 

the Set process takes place, the EL emission suddenly decreases, 

keeping the value constant while the current compliance is active and 

being totally quenched around 3 V. Applying negative voltages 

without current compliance, the device presents again EL emission 

with a threshold voltage of –3 V, being totally quenched immediately 

after the Reset process occurs. After that, the EL emission is recovered 

with a higher threshold voltage around –6 V. This behavior is totally 

different than the one observed in ITO/Tb:ZnO/p-Si, where no EL 

emission was observed in the HRS. This occurrence can be explained 

by taking into account that, in the case of the device containing Si-

NCs, the HRS presents enough current in positive voltage, and before 

the Set process, to induce EL emission. Regarding the LRS, the device 

presents more electrical conductivity and, therefore, EL emission can 
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Figure 4.9. (a) I(V) characteristics of Tb-doped ZnO sample, showing a resistive 

switching behavior. (b) Integrated EL emission corresponding to the I(V) curve 

of (a). 
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take place at low voltages, high enough to induce the excitation of the 

luminescent centers but not to force resistive switching 

 

The analysis of the spectra corresponding to this EL emission was 

carried out to determine the origin of the luminescent centers. In this 

case, the CCD was used, such as previously described. Observing the 

Figure 4.10(b), two spectra were acquired at 8 V, because both HRS 

and LRS present EL emission at this applied voltage. In the Figure 

4.11, these spectra are displayed in a range between 400 nm and 1100 

nm. As it can be observed, both spectra present a broad spectrum 

centered around 950 nm, being the EL intensity in HRS higher than 

 
 

Figure 4.10. (a) I(V) characteristics of Tb-doped ZnO sample, showing a 

resistive switching behavior. (b) Integrated EL emission corresponding to the 

I(V) curve of (a). 

 

-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14
10

-12

10
-10

10
-8

10
-6

10
-4

10
-2

-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14
10

-4

10
-3

LRS
LRS

 

 

|C
u
rr

e
n
t|
 (

A
)

Voltage (V)

LRS

HRS

HRS

LRS

HRS  

 

E
L
 i
n
te

n
s
it
y
 (

a
rb

. 
u
n
it
s
)

Voltage (V)

HRS

(a)

(b)



4. Materials for Optoelectronics and Resistive Switching 

152 

 

in LRS, which is in agreement with the integrated EL measurements 

[see Figure 4.10(b)]. The position of these peaks suggest that EL 

emission yields from Si-NCs, as previously discussed in this Thesis. 

In addition, the spectrum corresponding to the HRS fits perfectly with 

the obtained one in the electro-optical study just above and published 

in the Paper VIII. In particular, the fact that the EL spectrum in HRS 

is more intense than in LRS can be explained in terms of the effective 

area through which the current flows. Once the conductive path is 

formed, the current flows only through it, being the effective area 

reduced. In this case, the LRS presents slight EL emission of Si-NCs, 

which could indicate that some Si-NCs remain optically active in the 

way of these conductive paths. However, in the HRS the Si-NCs EL 

emission is clearly more intense, which suggests two hypothesis. The 

first one consists of a greater amount of optically active Si-NCs in the 

re-oxidized region, between the remnant conductive path and the 

electrode; in this frame, the structural and chemical modification of 

the active layer in the LRS induces the optical deactivation of these 

Si-NCs. The second hypothesis suggests that the conductive paths are 

totally or almost totally re-oxidized, inducing the current flow through 

the same or similar area than in the pristine state. 
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Figure 4.11. (a) I(V) characteristics of Tb-doped ZnO sample, showing a 

resistive switching behavior. (b) Integrated EL emission corresponding to the 

I(V) curve of (a). 
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These results are very interesting since they not only demonstrate the 

viability of employing Si-NCs in resistive switching applications, but 

also the light emission from these nanostructures can be used to read 

optically. Moreover, the study of this light emission can help more in-

depth understanding the physics that governs the resistive switching 

mechanism and how this electrical characteristics can affect the 

electro-optical properties of the device. 

 

These results are very interesting because not only demonstrate the 

viability of employing Si-NCs in resistive switching application, but 

also the light emission form these nanostructures can be used to read 

optically. Moreover, the study of this light emission can help to 

understand better the physics that governs the resistive switching 

mechanism and how this electrical characteristics can affect the 

electro-optical properties of the device. 
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5. Summary and Conclusions 
 

 
This Thesis has been focused on the fabrication and characterization 

of different CMOS-compatible materials in order to determine both 

their electro-optical and resistive switching properties. Basically, two 

materials have been explored, silicon-aluminum oxynitride (SiAlON) 

and zinc oxide (ZnO). The first material under study, SiAlON, has 

been fabricated using three techniques, namely RF-sputtering, pulsed-

laser deposition and electron beam evaporation. In this case, different 

stoichiometries were analyzed in order to obtain excellent optical and 

electrical properties. The incorporation of different rare earths (REs) 

was also carried out, using Ce and Eu, which exhibited 

photoluminescence (PL) emission under laser excitation. The electro-

optical characterization was performed after fabricating device 

structures onto p-type silicon substrates. The employed top electrode 

was selected depending on the characterization technique. To collect 

the electroluminescence (EL) from the devices a transparent 

conductive oxide (TCO) was required, using indium tin oxide (ITO) 

because of its excellent electrical and optical properties. Light 

emission was obtained from both devices, containing Ce and Eu, 

suggesting that SiAlON is a great candidate to be employed as RE 

host matrix. In addition, the resistive switching properties of these 

devices were analyzed as well, using Al as top electrical contact. 

 

Similar fabrication processes were carried out towards attaining rare 

earth (RE)-doped SiAlON. This was achieved by depositing a 

multilayered structure of Tb-Al/SiO2, which allowed determining the 

RE ions inclusion effectivity of the delta-doping approach. The optical 

characterization demonstrated PL emission from trivalent Tb3+ ions. 

Different (Al/Tb/SiO2) multilayer configurations were tested to 

optimize the number of active luminescent centers. Finally, the 

resistive switching properties of RE-doped SiO2 were also analyzed 

and the role of the RE ions within was explored as well.   

 

The second studied material was ZnO. In this case, the material was 

deposited onto p-type silicon via either RF-sputtering or atomic layer 

deposition (ALD) depending on the role of the deposited layer. While 

the first one was used to deposit the ZnO as RE host matrix, the second 
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one was employed to attain a ZnO layer acting as TCO top electrode. 

In the first case, different REs (Tb and Eu) were tested. A clear PL 

emission of both REs was obtained. The narrow peak-like features in 

the spectra indicate the optical activation of the trivalent RE ions, 

being the ZnO an optimum host matrix for this kind of luminescent 

centers. To carry out the electrical characterization, device structures 

were attained using ITO as top TCO electrode. The EL from these 

devices was obtained, achieving similar spectra than the ones 

observed via PL. However, the luminescent degradation with time 

suggests the formation of conductive paths which effectively quench 

the EL emission. Taking into account this behavior, the resistive 

switching properties of these devices were analyzed, obtaining 

different cycles. The role of the REs in the resistive switching 

properties of ZnO was studied as well, allowing for a reduction of the 

current compliance in the electroforming process, but increasing the 

required voltages to induce the resistive switching phenomenon. 

Moreover, the incorporation of the REs into the ZnO host matrix 

permitted obtaining more stable Reset processes, which suggests that 

the REs near the conductive paths could trap part of the out-diffused 

oxygen ions and, consequently, the re-oxidation of these conductive 

paths becomes easier.    

 

Finally, when using a ZnO layer as top electrical contact, a 

multilayered SiOx/SiO2 structure was employed. After deposition, this 

structure was annealed at high temperature in order to induce the 

precipitation and crystallization of the silicon excess in the form of 

silicon nanocrystals (Si-NCs). The optical and electrical properties of 

these nanostructures are well known and have reported in previous 

works and doctoral theses of the research group. Therefore, the 

incorporation of the ZnO as TCO was implemented to determine the 

EL of the Si-NCs when current is injected under different electrical 

polarizations. Studies in DC and AC have been carried out, obtaining 

interesting results related to the modulation of the light emission from 

ZnO defects and enhancing the EL emission from the Si-NCs. The 

incorporation of a thin Si3N4 inversion layer, between the Si substrate 

and the multilayered Si-NCs, allowed modifying the injected current, 

thus obtaining an enhancement of the EL emission. These 

measurements confirmed the good electrical and optical properties of 

the ZnO working as TCO and permitted to understand the physical 

mechanisms involved in the EL process of the luminescent centers. In 
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addition, the resistive switching properties of these devices were 

determined. In this case, devices presented some cycles with well 

defined resistive states. Under these resistive switching conditions, 

devices exhibit EL emission, being the intensity and the threshold 

voltage dependent on the resistive state. 

 

In conclusion, the results presented in this Thesis demonstrate the 

correlation between the EL emission and the resistive switching 

properties. Using these characteristics, the resistive state can be read 

not only electrically, but also optically from the emission of the 

luminescent centers through the TCO top electrode contact. Overall, 

these results pave the way to a new set of memory devices that can be, 

in a near future, integrated into the Photonics field, dominated by 

faster interconnections and less dependence to material transmission 

media. 
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6. Resum en Català 
 

 

Aquesta Tesi es basa en la fabricació i caracterització de diferents 

materials compatibles amb al tecnologia CMOS, per tal de poder 

determinar les seves propietats electró-òptiques i de commutació 

resistiva. Bàsicament, s’han estudiat dos materials, oxinitrur de silici 

i alumini (SiAlON) i òxid de zinc (ZnO). En el cas del SiAlON, s’han 

emprat diferents tècniques de fabricació i s’han tingut en compte 

diferents estequiometries per tal d’optimitzar-ne les propietats 

òptiques i elèctriques. Tanmateix, s’ha dut a terme la incorporació de 

terres rares (Ce i Eu) en aquestes matrius, les quals han presentat 

emissió de fotoluminescència (PL) sota excitació làser. Les propietats 

electro-òptiques de dit material s’han pogut estudiar a partir de 

dispositius bàsics obtinguts després de dipositar òxid d’indi i estany 

(ITO) com a elèctrode transparent, els quals han mostrat emissió 

d’electroluminescència (EL) de les terres rares. Dits dispositius també 

han presentat propietats de commutació resistiva (emprant Al com a 

contacte superior).  

 

L’ZnO es va utilitzar com a matriu contenidora de terres rares (Tb i 

Eu), les quals han demostrat ésser òpticament actives tot presentant 

emissió de PL i d’EL. No obstant, dita luminescència mostra una 

degradació, possiblement deguda a la formació de camins conductius. 

Aquest fet va promoure l’estudi de les propietats de commutació 

resistiva, obtenint resultats interessants depenent de l’existència o no 

de la terra rara. Per altra banda, l’ZnO es va emprar com a contacte 

transparent sobre una estructura de multicapes de nanocristalls de Si 

(Si-NCs). Mitjançant estudis elèctrics en AC, es va poder modular 

l’emissió d’EL de dit sistema. A més, la incorporació d’una capa fina 

de nitrur de silici a la interfície entre el substrat de Si i els Si-NCs va 

permetre també millorar l’eficiència d’emissió EL d’aquestes 

nanoestructures. Finalment, el sistema ZnO/Si-NCs ha mostrat 

propietats de commutació resistiva i emissió EL de forma simultània, 

aquesta última depenent de l’estat resistiu del dispositiu.  

 

En resum, la relació entre les propietats electró-òptiques i les de 

commutació resistiva en els materials estudiats permet obrir les portes 
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a nous dispositius amb dos estats resistius que puguin ser llegits tant 

elèctricament com òpticament. 
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