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Abstract 
Resistive switching devices have been a topic of great interest since 

2008 when theory and physical devices were correlated, as they could 
lead the next generation of memories and processors. These devices 
present a behavior that allows them to modify their electrical resistance 
between two or more states and retain them without the need for 
external energy. In comparison with market-dominant flash or DRAM 
memory technologies, information storage is changed from charge 
accumulation to resistance state. 

The possibility of having at least two resistance states (high 
resistance identified as 0 and low resistance as 1) makes them a 
promising candidate for digital memories, with the additional 
advantages of faster switching speeds, lower dimensions for single 
devices and lower power consumption, when compared to current 
memories. These point towards resistive switching devices replacing 
flash memories and being integrated into RAM in the future.  

Since their first physical realization, great advances have been made 
in terms of modelling, materials, device structure, and integration and 
scaling into arrays and chips. In addition, the properties of resistive 
switching devices have opened the door for other applications beyond 
pure memory and the conventional von Neumann architecture. These 
include computing in memory, as well as brain inspired and 
neuromorphic computation, where the analog (more than two states) 
capabilities of resistive switching devices are more recently gaining 
attention. 

Within the context of resistive switching research, this Doctoral 
Thesis proposes one new field that can benefit in the future by the 
inclusion of such devices: Optoelectronics. The combination of electronic 
and photonic devices aims to profit from both and diminish their 
disadvantages. Devices that can emit, detect, transmit and control light 
are now included in various applications. 

The main objective of this Doctoral Thesis is thus the development 
of a new concept of devices, which we have called optical memristors. 
When this research began, just a few works were available in the 
literature, being the presented approach of high novelty. In essence, two 
types of devices have been attempted and realized: memristors with 
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electroluminescence or electrical response on light exposure. 
Notwithstanding, both had a particular requirement: transparent 
materials were necessary for light to be transmitted through the 
electrodes to the active layers of the devices. 

The first approach to light emitting memristors presented explores 
the possibilities of light emitting devices based on rare earth ions. These 
elements are commonly employed in displays for the fabrication of 
phosphorus layers that are excited by a blue emitting device. When 
properly used as dopants, these elements are optically active and can 
be electrically excited within a matrix of different material. Thus, the 
emission of such devices based on Al/Tb/Al/SiO2 layers is studied. A 
change of emission is identified with resistive switching capabilities of 
these devices, though a low number of cycles is possible. 

A second approach starts from an already transparent conductive 
oxide (TCO) that has shown resistive switching properties in the 
literature: ZnO. This material presents advantages when compared to 
the most employed TCO, ITO, because of its non-toxicity and 
abundance. In addition, it can be doped with rare earth ions that are 
optically active. In the same way as the previous approach, resistive 
switching of these devices is possible, but the inclusion of rare earth 
ions quenches their emission. 

Finally, a different strategy allows for the objective results to be 
achieved. Silicon oxide is employed as an already reported material 
with resistive switching properties, where Si nanocrystals (NCs) are 
embedded as luminescent centers. Their combination results optimal 
for the target application, yielding durable devices with differentiated 
emissions dependent on the resistance state and that avoid its 
overwriting when read. 

Furthermore, the range of optical properties, that become available 
to these devices through the presence of Si NCs, is extended to that of 
electrical response on light exposure. The devices become optically-
readable taking profit of the photovoltaic effect of their tandem solar 
cell structure, distinguishing high and low current extractions 
dependent on the resistance state. 

Last, the effect of resistive switching and the presence of conductive 
filaments in these solar cells is explored, achieving increased 
efficiencies when compared to pristine devices.
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1.Introduction 
1.1.From electronics to optoelectronics 

In the second half of the 20th century, great advances achieved in the 
research of electronic materials and devices yielded results in the form 
of full operational machines: microcontrollers. Among the many 
breakthroughs, the most important ones are attributed to the invention 
of bipolar and metal-oxide-semiconductor field-effect-transistors 
(MOSFET), of integrated circuits and microprocessors, posing the basis 
of nowadays’ micro and nanoelectronics. Further technological 
developments have allowed for a continuously-growing computational 
power with the MOSFET as a basis, increasing in each generation of 
microprocessors the density of these devices. In 1975, G. Moore 
corrected his prediction from 1965 of the number of transistors in a chip 
doubling every year to every two years, as it can be corroborated in 
Figure 1.1.[1] This is known as Moore’s law, and up to now it has been 
proven right, utilizing the concept of nodes referencing the gate length 
of transistors as designation of the technology advancements (up to the 
22-nm node).[2,3] The evolution in the form of nodes has continued since 
2010, but other devices such as fin-shaped FETs (FinFETs) and novel 
materials are now employed, and the original meaning of “technology 
node” has been lost to only reference advances in the fabrication 
process. As of 2021, the 5-nm node is already in production, and the 3- 
and 2-nm nodes have been announced for 2023 and 2024, respectively. 
Nevertheless, a constant fear to the end of this law threatens the 
electronics industry, due to the limitation in reducing the size of 
transistors, thus requiring of advances in lithography processes almost 
impossible to achieve, as well as an increase in the power consumption 
of fabricated chips. 
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Thus, the electronics industry has been researching not only on 
shrinking the size of devices, but also on other approaches that could 
empower electronic devices. Alternative materials or faster devices will 
be the future of the industry, as stated by the “Beyond CMOS” approach 
supported by the International Roadmap for Devices and Systems 
(IRDS), formerly known as the International Technology Roadmap for 
Semiconductors (ITRS).[4] 

In this context, the field of photonics is gaining a lot of attention. 
During the last decades, this research carried out on light collection and 
transmission has been applied to electronics, creating the field of 
optoelectronics. Optoelectronics uses light-emitting, detecting and 
controlling devices to take advantage of the possibility of transmitting 
information faster and with lower losses using photons instead of 
electrons. In addition, light can be used for processing and sensing in 
devices that mix optical and electrical signals. 

So far, the field of electronics has evolved hand in hand with research 
in silicon. Though some of its electronic properties, i.e. mobility and 
noise currents, are slightly inferior to other semiconductors such as 
germanium, indium arsenide, gallium nitride or gallium arsenide, it 
being the second most abundant material in the Earth’s crust, easy to 
extract and process into a high purity, gives it the edge over others. 
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serves as guide to the eye, following Moore’s law. Data from reference [1]. 
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Nevertheless, there is still a challenge remaining to be solved by the 
research community. The fact is that, as good as Si can be in electronics, 
it also exhibits limited performance for light emission. This is due to the 
fact that its indirect band gap highly reduces the probability of band-
to-band transitions or makes them very inefficient. 

Both the requirements of higher computing power and efficient 
chips, and the barrier of Si to its use in photonics have become the main 
challenge to be tackled by the field of optoelectronics. 

1.2.Memristors 

The main challenge in the electronics industry today is derived from 
the von Neumann bottleneck: The design of computers nowadays limits 
their processing capabilities by the data transfer between the 
processors and the memories, which renders the CPU idol while 
processed data is transferred to the memory and while new data and 
algorithms are recovered. In this sense, memristors offer different 
solutions. These devices are based on different physical processes that 
either create or destroy conductive filaments in a dielectric layer, thus 
changing its resistance. 

Memristors can be used mainly as memories, with the added benefit 
of their low size and heat dissipation, which will allow for their 
integration directly on the processing chips. Compared to hard drive 
disks and flash memories, they are faster in performance, cheaper to 
produce and allow for a higher density of information storage. In 
addition, when compared to random-access memories (RAMs), 
memristors present the advantage of being non-volatile. All these 
properties resulted in a fast research race since they were first 
fabricated in 2008,[5] with many companies advancing resistive random-
access memory (ReRAM) but never being fully commercially available. 
They are not yet the memory of choice for most computing applications 
due to several challenges derived from the interconnection of various 
memristors, such as sneak currents and the associated resistance of the 
wiring.[6] 

Given their outstanding properties, memristors may very well 
become the next generation of computing devices. It has been highly 
reported the capability of memristors to mimic neurons synaptic 
behavior, in the sense that they can vary their conductance 
incrementally with applied voltage pulses and the timing between 



Introduction 

4 

them.[7–9] If a set of conductance values of an array of memristors is 
thought to represent an algorithm to be executed, a signal would be 
transmitted from neuron point to neuron point simply by multiplying it 
by the weight of the synapsis (given by the conductance). This means 
that an array of memristors as shown in Figure 1.2 combines the 
memory for the algorithms and the processing ability, consequently 
avoiding the von Neumann bottleneck. Another advantage of this 
system is the possibility of using analog signals without the need for 
convertors into digital.[6,10,11] 

To further exploit the possibilities offered by memristors, in this 
Doctoral Thesis it is introduced the concept of optical memristor. This 
encompasses the capabilities of a purely electrical memristor with those 
of optoelectronic devices. The basic operation of a memristor is done 
through electrical signals, large for write operations and small for read. 
Specifically, optical memristors that emit light or absorb it depending 
on their resistance state have been researched, facilitating the 
conversion of the read operation. These works may be the inspiration 
for a new generation of optoelectronic devices that can act memories 
and processors modulated by light signals. 

Inputs

Outputs

Weights

Figure 1.2. Crossbar array system of memristors. Inputs and outputs are 
selected through the different lines. Weights controlled by the conductance of 
each device store the instructions to be executed. Furthermore, if their 
conductance is dependent of a train of pulses they receive, they behave like a 
human brain neuron. 
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1.3.Light emitting devices 

Humans have always been dependent on light sources, for protection 
and for developing their activities during nighttime. Light sources 
developed with technology, starting from combustion of wood, candles 
and oils to modern electrical sources. Within this, different sources have 
appeared, such as the original incandescent light bulb, fluorescent 
tubes, or tungsten halogen among others. Nowadays, these technologies 
are less employed as light emitting diodes (LEDs) have quickly 
developed in the second half of the 20th century and beginning of the 
21st, and especially since the invention of the blue LED.[12] 

These light sources present themselves as more efficient when 
compared to others and offer the possibility of tunning their spectrum 
of emission. The possibility of making LED systems at a very low scale 
has allowed their use not only as illumination sources but also as a part 
of displays and light sources in optoelectronics systems. Within these 
fields and even while being in the market, LEDs and other light 
emitting devices based on the electroluminescence phenomenon are still 
highly researched for improvements at the material level, in the search 
of not only more efficient but also green materials (materials that are 
abundant, easy to process, non-toxic and with long expected lifes). 

Furthermore, in combination with light detectors, light emitting 
devices have created the field of optoelectronics. Their role is key as 
they transform electrical and optical signals from one to the other, 
enabling complex processing using electrical circuits in the former and 
faster transfer with reduced losses and cross-talking in the latter.[13] 

Apart from memristors, light-emitting devices fabricated with green 
materials easy to process are also presented in this Doctoral Thesis. 
Many of the elements or fabrications processes of light emitting devices 
employed nowadays are moderate or highly toxic for humans and other 
life forms. In this list we can find liquid-crystal displays (LCD), LEDs 
and organic LEDs (OLEDs) or quantum dots (QD).[14,15] For this reason 
the use of zinc oxide doped with rare earth ions has been proposed, the 
first being safe for humans even after ingestion (it is used in sunscreens 
and as food additives).[16] In contrast, rare earth ions employed 
correspond to the family of non-radioactive lanthanides, considered to 
have a low toxicity compared to other elements. For this reason, they 
are only used as a dopant in very small quantities.[17] 
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1.4.Objectives 

As previously introduced, the electronics industry is constantly 
researching ways to increase computing power and reduce energy 
consumption. Some of these lines of research have pointed towards light 
as a solution since it travels faster than electrical signals and with 
lower loses. As well, other approaches to solve both problems include 
new devices with different functionalities. In this sense, memristors 
have made a name for themselves as key devices that can perform both 
processing and memory operations reliably and with low power 
consumption. In accordance with these two lines, one objective of the 
present Doctoral Thesis is the study of green materials for both light 
emitting and/or resistive switching devices; that is, mainly employing 
abundant materials like SiO2 or ZnO that are easy to process and non-
toxic, together with small amounts of others. In addition, the 
combination of both device capabilities, namely resistive switching and 
light emission and absorption, has been explored, achieving a novel 
concept of devices in optical memristors. For resistive switching, 
extensive literature on materials and device structures has been 
explored, to form a clear picture of the requirements for this property 
to emerge. In terms of light emission and aiming at the combination 
with resistive switching, a doping strategy with optically active 
materials is proposed. 

All these devices will satisfy the added requirement of being 
compatible with the basis the of nowadays’ electronics industry, 
complementary metal-oxide-semiconductor (CMOS) fabrication 
techniques. This means that all aspects from fabrication processes to 
device structure and materials having selected to fit the requirements 
from industry. A device that combines a resistive switching memory 
with the possibility of being read either electrically or optically, could 
pave the way for a new genre of optoelectronic devices. 

After identifying the main goal of this Doctoral Thesis, this could be 
divided into less ambitious objectives. Each objective will be devoted to 
a different device structure or functionality, starting from basic 
properties such as resistive switching or light emission studied 
individually, and ending with the combination of them. Hence, these 
different steps can be listed as follows: 

 Investigate and optimize the electrical and optical properties of 
ZnO as a metal oxide semiconductor deposited by sputtering for 
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doping with rare earths emitting in the visible, and by ALD to be 
used as top transparent contacts.   

 Design and develop single RGB light emitting devices based on ZnO 
and compatible with Si technologies, as well as combining them 
onto a white light emitting device 

 Explore the fabrication of RGB light emitting devices doping with 
the same rare earth elements in SiO2. 

 Study and optimize ZnO as transparent active layers for high 
performance resistive switching devices and monitor the effect of 
incident light on their operation. 

 Optimize the fabrication conditions of Si NCs superlattices to 
achieve resistive switching and improve their optoelectronic 
properties, to develop light emitting and absorbing optical 
memristors. 

1.5.Outline of the Thesis 

In the present Doctoral Thesis, different devices corresponding to the 
fields of electronics and optoelectronics have been fabricated, 
characterized and modelled. Chapter 2: Theoretical background 
includes a summary of the history and working principle of the three 
main devices of interest in this work, that is, light emitting, 
photovoltaic and resistive switching devices. In Chapter 3: Materials 
and methods, an in-depth description of the materials, fabrication and 
characterization techniques is given, which lays the ground for the 
following three chapters compounding the results of the different works 
carried out. Chapter 4: Electroluminescence of Rare Earth containing 
devices, Chapter 5: Resistive switching of ZnO, and Chapter 6: 
Combined properties in Si NCs-containing devices present the results 
corresponding to the performed research, focused in three different 
types of devices: light emitting devices based on rare earth ions as their 
luminescent center, resistive switching devices made of zinc oxide (ZnO) 
on Si substrates, and resistive switching devices including silicon 
nanocrystals (Si NCs) that interact with light, respectively. Last, 
Chapter 7: Conclusions and future prospects, includes the final remarks 
and conclusions reached during this Doctoral Thesis, as well as a brief 
description of other work carried out in paralell regarding the 
fabrication of other devices. 
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2.Background and State of 
the Art 

2.1. Materials for optoelectronics 

In the following, the different materials employed for the 
development of different optoelectronic devices throughout this 
Doctoral Thesis are described. The importance of each material in the 
electronic and optoelectronic fields is remarked, as well as the 
parameters that should be considered in their fabrication process to 
reach the desired properties. 

2.1.1. Indium Tin Oxide (ITO) 

Commonly known as ITO, this material has been the reference for 
TCO materials in both LEDs and solar cell structures for the last 
decades. It is a semiconductor with a wide bandgap, larger than 3.5 eV, 
which exhibits a very high optical transparency in the visible range of 
the electromagnetic spectrum, and a high conductivity due to the 
carriers donated to the conduction band by Sn.[1] Its composition may 
be varied depending on the desired properties, but it comprises a high 
amount of In2O3 (~90 % ) in a body centered cubic (BCC) crystal 
structure in which tin (Sn) is introduced as a substitutional element to 
indium, thus distorting the BCC structure. Initially, In2O3 boosts a very 
high transparency but at the expense of dielectric behavior in transport. 
However, the introduction of Sn increases the number of free carriers 
and thus the overall conductivity of the films while worsening 
transparency. Therefore, a compromise between the optical and 
electrical properties must be achieved by introducing the proper 
amount of Sn. 

2.1.2. Zinc oxide (ZnO) 

Zinc oxide is an outstanding material that has been studied for a very 
long time, mainly due to it having applications in a large variety of 
fields such as medicine, food industry, fabrication of sunscreens, paints 
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and coatings and many others. This is thanks to the wide range of 
interesting properties it exhibits, together with its large abundance, 
non-toxicity and ease in fabrication and manipulation. 

Regarding electronics and photonics, ZnO is a semiconductor with a 
direct wide bandgap of 3.3 eV, slightly lower than ITO. Its crystalline 
structure presents two variants: hexagonal wurtzite, the most stable 
and thus the most common one, and cubic zincblende, which mainly 
appears when employing a cubic-structure substrate. In both cases, zinc 
and oxygen atoms are tetragonal centers, meaning that they are in the 
center of a tetragon surrounded by four complementary atoms.[2] 

Most fabrication methods give as a result an intrinsically n-type 
doped ZnO, due to the appearance of defects in its structure, mainly 
attributed to zinc interstitials (Zni2–) and oxygen vacancies (Vo2+). This 
fact results in carrier concentrations around 1016 cm-3 and electron 
mobilities of 300 cm2 V-1 s-1. This material also exhibits a high 
transparency in the visible and NIR of ~85%, making it a good 
candidate for a new generation of TCOs that can substitute ITO with 
its inconvenient use of In, toxicity and scarcity.[3] Its conductivity can 
be further increased via Al-doping, at the expense of optical 
transparency.[4] 

The main interest around ZnO focuses on its use as a LED material, 
where it could serve as a substitutional material to the renown GaN. 
Both materials have a very similar direct bandgap (3.4 eV in the case 
of GaN), same hexagonal wurtzite crystalline structure and similar 
lattice parameters (a = 3.25 Å, c = 5.20 Å for ZnO and a = 3.19 Å, c = 
5.19 Å for GaN).[2,5] The main difference between both materials comes 
in the form of the exciton binding energy, which is much larger in the 
case of ZnO (60 meV versus 25 meV in GaN), which leads to a high 
exciton stability even at room temperature (thermal energy of ~26 
meV). However, there is a reason for which ZnO has been left behind in 
this application. As previously explained, a p–n  junction is required in 
LED systems in order to have electron-hole recombination and 
spontaneous emission of photons; in the case of ZnO, which is 
intrinsically n-type, the p-type counterpart remains very difficult to 
obtain.[6] 

Just like in the case of ZnO, GaN intrinsic defects provide a n-type 
doping to the material. However, studies over the years have yielded 
good p-type GaN films. Doping approaches for n-type GaN were 
relatively early achieved during the 1960s, mainly through the 
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introduction of Si as substitute to Ga. It was with the development of 
the blue LED in the late 1980s (Noble Prize in 2014) that research 
started yielding novel GaN p-type doping methods which included the 
use of Zn and Mg, as well as the production of high quality doped InGaN 
and AlGaN, necessary for the fabrication of heterojunctions and 
quantum wells.[7] 

With respect to ZnO, studies suggest that substituting Zn with 
group-III elements or O with group-VII elements provides donors and 
thus an n-type doping.[2] Indeed, Al, Ga and In doping has already been 
proved by different research groups.[8–10] As well, the introduction of 
acceptors to ZnO has been reported to be possible with group-I or group-
V elements, partially replacing Zn or O, respectively.[11] Instead, the 
main issue concerning p-type doping is the compensation of intrinsic 
defects and low solubility. Doping with group-I elements introduces 
additional problems such as elements occupying interstitial sites rather 
than substitutional ones, which increases the lattice strain. Similar 
problems can arise with group-V elements, except for N. The latter is 
indeed the most promising candidate, although doping is still 
complicated due to the low reactivity of a nitrogen source during the 
deposition process of ZnO and its low solubility.[12] 

To avoid the requirement of a p–n junction, doping with optically 
active centers is also possible in ZnO, e.g., the inclusion of either 
nanostructures of different elements or rare earth ions, as it will be 
introduced in Section 2.2.3. Rare Earth electronic transitions. In 
addition to the fabrication of LEDs, ZnO is also listed as a promising 
material for solar cells and general-purpose light detectors, as its 
bandgap would allow the efficient absorption of UV and blue light, with 
the same requirement as LEDs, containing a p–n junction. 

Among other oxides explored, ZnO has also demonstrated resistive 
switching properties.[13] This material, as well as most oxides, presents 
a valence change mechanism for switching, where oxygen ions (and 
thus oxygen vacancies) diffuse through the layer due to the applied 
external electric field towards one of the electrodes. These ions are 
accumulated at the interface, leaving behind a network of vacancies 
that form metallic conductive filaments, connecting the electrodes. The 
intrinsically defective nature of ZnO, with naturally present zinc 
interstitial and oxygen vacancy defects, eases the formation of these 
filaments, thus making it a great candidate for resistive switching 
devices. Together with its wide range of properties (piezoelectricity, bio, 
chemical and gas sensing, waveguiding, photodetection, photovoltaic 
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material, TCO or UV-light emission) ZnO emerges as a great candidate 
aiming towards a new generation of multifunctional devices with RS as 
their key property in the future of memory and computing devices. 

2.1.3. Silicon (Si) 

Over decades of intense research in microelectronics one element has 
raised to be the standard for any electronic device, chip or circuit: 
silicon. Its very high abundance in the Earth’s crust (only second to 
oxygen) makes it a cheap element, added to an easy refinement and 
purification process. Silicon wafers, obtained via the Czochralski 
method for growth of single crystal semiconductors and posterior cut 
and polish, are nowadays the base platform for fabrication of all 
electronic systems. 

Silicon is a group-IV element; thus, it has 4 electrons available to 
form covalent bonds: two in the 3s and two in the 3p orbitals. Indeed, 
in a pure silicon crystal each atom is covalently bond to another four 
atoms in a tetrahedral configuration. Regarding its electronic 
properties, silicon is a semiconductor with an energy band gap of 1.12 
eV. This bandgap is indirect, meaning that electron transitions between 
the conduction and valence bands requires the interaction with 
phonons, thus reducing the probability of occurrence. This has been the 
bottleneck for the inclusion of photonics into the silicon electronics 
platforms already developed. 

Nevertheless, doping via ion implantation with group-III (mainly B, 
but also Al and Ga) and group-V elements (mainly P, but also As and 
Sb) substitutional elements easily allows for the addition of donor and 
acceptor levels within the bandgap, respectively resulting in n-type and 
p-type doping of Si. All these characteristics added to its high electron 
and hole mobility (1400 and 450 cm2 V-1 s-1, respectively), have made Si 
the prevalent element for the electronics industry. 

In terms of devices, a p–n junction of differently-doped Si sets the 
basis of a diode, a basic circuit element built around the creation of an 
electron and hole depletion region at the interface between both doping 
sides. This can be compensated under forward polarization, but not 
under reverse, as it can be seen in Figure 2.1, creating conducting and 
non-conducting states. 
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Moreover, the creation of a MOSFET opened the way for the digital 
era we are living in. As it is shown in Figure 2.2, this device is based on 
the fabrication of a n–p–n horizontal structure in silicon, controlled by 
three terminals: source, gate and drain. A depletion region is created at 
the p zone. Via application of an external electric field at the metal-
oxide system on top of the p region (gate voltage), a channel of carriers 
can be created and tuned in order to connect source and drain (both on 
top of n regions). Furthermore, the application of a bias between these 
two terminals allows for conduction of carriers. The advancement of 
electronic circuits continued with the development of the CMOS 
technology, which involves the fabrication of p and n transistors in 
parallel with shared contacts. 

Reverse bias Forward bias

(a)

(b) (c)

Figure 2.1. Energy band diagrams for a p–n junction. (a) Under no bias, 
a depletion region is created at the interface. (b) Under reverse bias, the 
size of the depletion region is increased. (c) Under forward bias, depletion 
region is decreased until it disappears, when conduction is facilitated. 

Metal
Oxide

Metal
Metal

p-Sin-Si n-Si

Source Gate Drain

Figure 2.2. Sketch of a MOSFET transistor, including the three contacts 
(source, gate and drain) and the different layers employed. 
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While the first transistors had a size, given by the length of the 
channel, of 10–20 µm, technological advances rapidly allowed the 
formulation of Moore’s law (Gordon Moore, co-founder of Intel; 
1965)[14,15] – the number of transistors per chip will double every two 
years – a consequence of the fast downscaling of the MOSFET and other 
improvements. This prediction has been somewhat maintained over the 
decades with the creation of nodes, technological points where 
fabrication of transistors evolves. The node of 45 nm marks the 
beginning of the use of high-k materials like HfO2 as dielectrics and TiN 
instead of poly-Si as the gate contact, and at the 22-nm node devices 
change from MOSFETs to FinFETs. As of 2021, we are employing 7-nm 
node transistors, and production is moving towards 5 nm, although 
larger sizes are still used by some manufacturers. For the moment, the 
trend is expected to be followed, and reach the 3-nm node by 2023. But 
predictions of Moore’s law are believed to stop being fulfilled as we 
reach limitations in the lithography processes required for the 
fabrication of these transistors, as well as the increase in power 
consumption of chips. For the latter reason, memristors are of high 
research interest as possible substitutes of transistors due to their 
lower power consumption. Still to this day, these electronic devices and 
many others are fabricated on Si substrates and with Si layers, making 
this element the basis of electronics. 

2.1.4. Silicon dioxide (SiO2) 

Parallel to the development of Si as the reference semiconductor in 
electronics, other materials were as well highly researched in the search 
of better semiconductors, conductors and dielectric materials in terms 
of their electric properties as well as fabrication advantages. Within the 
latter group, SiO2 stood out in the beginning due to its easy integration 
with the Si lattice and controlled fabrication processes. As technology 
advanced, SiO2 was replaced in its role by poly-Si and high-k dielectrics, 
as fabrication and integration became easier and dielectric properties 
of these materials surpassed those of SiO2. 

The use of SiO2 has been reduced over time, being now employed in 
large electronic devices (technology node over 45 nm) as well as in 
advanced fabrication processes of micro and nano devices, acting as a 
dielectric and diffusion barrier that enables precision fabrication and 
doping of different parts of electronic nanodevices. The process requires 
the growth of SiO2 over the whole surface of the wafer to then be 



2.1. Materials for optoelectronics 

17 

patterned to open windows where the following fabrication step is 
required. The removal of SiO2 is done via etching of unprotected zones 
of the SiO2, leaving part of the substrate underneath visible. In these 
zones, processes like deposition of metal contacts or doping by ion 
implantation is precisely performed before removing the excess of SiO2 
and materials deposited over it. Several repetitions of these steps are 
required for the fabrication of the nanodevices employed nowadays. 

2.1.5. Silicon nanocrystals (Si NCs) 

While the great electrical properties of Si have allowed for a fast 
development of the electronics industry, its optical properties have 
posed a drawback to its widespread use in photonics. This is due to its 
indirect band gap and to the photon emission being in the NIR spectral 
range, missing the visible part of the spectrum and the third window of 
telecommunications used since the 1990s in optical fibers (λ ≈ 1550 nm); 
as well as the previous ones employed (first window, λ ≈ 850 nm; second 
window λ ≈ 1310 nm). To address this problem, the research community 
has looked for other semiconductors like, for instance, other group-IV 
elements or group III-V combinations. A second approach that has 
yielded good results is the study of properties of nanostructured 
materials, including Si. 

Apart from resulting in good conduction properties, the band gap 
energy of Si being Eg = 1.12 eV makes it a great candidate for photonics, 
since it allows the transmission of lower energy light (such as that 
employed for the third window of photonics) in combination with a SiO2 
cladding. However, this band gap is not direct but rather indirect; 
implying that the band-to-band transition in Si not only requires of 
photon but also lattice-phonon interaction, largely reducing the 
probability of radiative recombination to take place. To solve this 
drawback, it was discovered that nanostructuring Si modifies the 
behavior of electrons and holes by taking advantage of the quantum 
confinement effect. 

The first works that hinted towards the usefulness of nanostructured 
Si were reported in 1988 by Furukawa and Miyasato.[16] Visible light 
emission from Si was presented at room temperature for the first 
time.[17] The particularity of their work descended from their fabrication 
method, hydrogen plasma sputtering, which produced Si crystallites of 
sizes between 2 and 5 nm. They also analyzed the band gap of these 
structures via optical absorption, which resulted in values 
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corresponding to the visible range, and whose energy increased as the 
size of the crystal was reduced. All this was explained in the frame of 
the quantum confinement effect. In addition, it was Canham who first 
reported the photoluminescence spectra of nanostructured Si.[18] In this 
case, a porous Si matrix was chemically produced. A variation of the 
pores size determined the size of Si wires that formed the matrix and, 
in  turn, their emission. The photoluminescence spectra exhibited a 
peak-like emission that could be tuned between ~790 and ~970 nm with 
the crystallite size. Again, this work was described following quantum 
confinement. This two works set the basis for the following decades of 
nanostructured Si research, exploiting the quantum confinement effect 
as an ideal model, and introducing Si in the photonics industry. 

When a material is confined in size to the nanoscale, its properties 
change and can no longer be described via classical models: quantum 
behavior dominates. If bulk Si is thought of as a perfect crystal, 
meaning that there are no crystallographic defects and a periodic 
symmetry is maintained in all directions, the potential of any particle 
associated to it can be described by a periodic function. In the reciprocal 
space (mathematical description of the real lattice space), this 
wavefunction is called a Bloch function: 

 Ψ(𝑟𝑟) = 𝑒𝑒𝑖𝑖𝑘𝑘�⃗ ·𝑟𝑟𝑢𝑢(𝑟𝑟), (2.1) 

where 𝑢𝑢(𝑟𝑟) is a function with the period of the lattice, and 𝑘𝑘�⃗  is the 
wavevector. This wavevector describes in the reciprocal space the 
propagation of the particle, together with the function 𝑢𝑢(𝑟𝑟). 

Indeed, there are combinations of 𝑘𝑘�⃗ 1and 𝑘𝑘�⃗ 2 that may result in the 
same wave function Ψ(𝑟𝑟). When this happens, these wavevectors are 
called equivalent and are separated by a reciprocal lattice vector. Here 
lies the importance of the first Brillouin zone, a mathematical 
description of the primitive cell of a lattice in the reciprocal space. It is 
formed by a restricted set of 𝑘𝑘�⃗  for each cell that are non-equivalent. Any 
other 𝑘𝑘�⃗  is equivalent to one in the first Brillouin zone. If the values of 𝑘𝑘�⃗  
are restricted to those in the first Brillouin zone, then all Bloch 
functions have a unique 𝑘𝑘�⃗ , and thus can be described without 
redundancy. Within the first Brillouin zone, there are also some high-
symmetry points that are dependent on the primitive cell. 

The allowed energy states (En) of these particles can be calculated 
through the Schrödinger equation: 
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 𝐻𝐻(𝑟𝑟)Ψ(𝑟𝑟) = �|�⃗�𝑝|2

2𝑚𝑚
+ 𝑊𝑊(𝑟𝑟)�Ψ(𝑟𝑟) = 𝐸𝐸𝑛𝑛Ψ(𝑟𝑟) , (2.2) 

where |𝑝𝑝|2 2𝑚𝑚⁄  and 𝑊𝑊(𝑟𝑟) represent the kinetic and potential energies of 
the particle, respectively. For the case of a bulk semiconductor, the 
solutions are thus dependent, for each state n, on the wavevector 𝑘𝑘�⃗  as 
follows: 

 𝐸𝐸�𝑘𝑘�⃗ � = ℏ2

2𝑚𝑚∗ �𝑘𝑘𝑥𝑥
2 + 𝑘𝑘𝑦𝑦

2 + 𝑘𝑘𝑧𝑧
2� , (2.3) 

where ℏ is the reduced Planck’s constant and m* is the effective mass of 
the particles. These solutions can be plotted in what is called a band 
diagram, with energy as a function of the wavevector. The wavevector 
is varied between the high symmetry points of the first Brillouin zone, 
in a path that completely describes all possibilities. Figure 2.3 presents 
the band diagram for bulk Si, where lower bands represent the allowed 
energies of holes and are the called valence band, whereas higher bands 
represent those of electrons and are called the conduction band. The 
space between them is the band gap, where no energy states are 
allowed. 

It can be identified that for the case of Si, the change of an electron 
in energy between the conduction band minimum and the valence band 
maximum (by interaction with a photon with energy equal to or greater 
than the band gap) requires a change in the wavevector (indirect 
transition). This is produced by an interaction with the lattice via 
phonon particles creation or annihilation, which has a very low 
probability, thus rendering the whole transition improbable. 

E 
(e

V)

Figure 2.3. Diagram of the 
electronic band structure of bulk 
Si. Shaded region marks the band 
gap, where no states are allowed. 
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This behavior of particles within the infinite lattice is modified when 
one or more of the dimensions is reduced to the lattice parameter (from 
10 to 100 times its value). For this case, boundary conditions must be 
considered, where the potential of the lattice becomes zero. To simplify 
things let us consider the case of only one restricted dimension: x 
(quantum well). The allowed energy states of a particle inside this 
structure are discretized, to maintain the continuity of both the 
wavefunction and its derivative at the boundaries: 

 𝐸𝐸𝑛𝑛�𝑘𝑘�⃗ � = ℏ2

2𝑚𝑚∗ �
𝑛𝑛2𝜋𝜋2

𝑡𝑡2
+ 𝑘𝑘𝑦𝑦

2 + 𝑘𝑘𝑧𝑧
2� , (2.4) 

where t is the thickness of the restricted dimension. As a direct 
consequence, not only the energy levels are discretized but also shifted, 
as they vary inversely with t2. The energy of the valence band is 
decreased (Δ𝐸𝐸𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐,ℎ) and the conduction band increased (Δ𝐸𝐸𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐,𝑒𝑒), 
resulting in an overall increase of the band gap of the structure respect 
to the infinite case: 

 𝐸𝐸𝑔𝑔,𝑄𝑄𝑄𝑄 = 𝐸𝐸𝑔𝑔,𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘 + Δ𝐸𝐸𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐,𝑒𝑒 + Δ𝐸𝐸𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐,ℎ (2.5) 

Finally, in the case of Si NCs, all dimensions are constricted. The 
previous observation can be used when all three dimensions are 
reduced. Nevertheless, different groups have observed that a simpler 
relation can describe the variation of the band gap with the diameter of 
the NCs (d) from their experimental results: 

 𝐸𝐸𝑔𝑔,𝑁𝑁𝑁𝑁𝑁𝑁 = 𝐸𝐸𝑔𝑔,𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘 + 𝐴𝐴
𝑑𝑑𝑁𝑁

 , (2.6) 

where A is a fitting coefficient and N is the power index. This index is 
dependent on the interface of the NCs with the surrounding matrix, as 
it is never a perfect infinite potential barrier, in which case this value 
should be 2. 

Indeed, the first important result of nanostructuring Si for photonics 
is the possibility of tunning the bandgap to a desired value by 
controlling the size of the NCs and the surrounding matrix. The other 
result is related to the indirect nature of the band gap of Si. When being 
nanostructured, the requirement of phonon interaction for electronic 
transitions is not lost. However, the reduced dimensions also have the 
effect of increasing the exciton binding energy, that is, the energy 
associated to the quasi-particle formed by an electron in the conduction 
band and its respective hole in the valence band. Its value is of ~15 meV 
for bulk Si, and >100 meV for Si NCs. The larger confinement in space 
causes the wavefunction of the particles to also spread over the 
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wavevector spectrum. In small NCs, the wavefunctions of electrons in 
the conduction band and holes in the valence band overlap at some 
values of 𝑘𝑘�⃗ , resulting in an increase in the probability of radiative 
exciton recombination (quasi-direct transition), up to 5 orders of 
magnitude when compared to bulk Si radiative quantum efficiency of 
~10–6.[19] 

Within the range of applications of Si NCs in photonics, we can 
distinguish their use as light emitters and as absorbers in photovoltaic 
devices. In the former, studies are basically addressing the low 
efficiency of emission of Si NCs-containing devices. Different matrices 
such as Si3N4, SiC or SiO2 have been employed, and the mechanisms of 
charge transport and excitation have been widely discussed to improve 
the performance of the devices.[20–22] In contrast, in the latter 
application, one must note the importance that Si already had in 
photovoltaics before Si NCs. The tunable band gap of Si NCs with their 
size makes it a great candidate for the fabrication of multi-band gap 
solar cells and in particular, all-Si tandem solar cells, where a Si NC- 
containing layer (higher Eg) is placed on top of a bulk Si cell (lower Eg), 
which allows for selective and more efficient photon absorption along 
the solar cell stack. 

2.2. Light emitting devices 

Light emitting devices convert electrical power directly into light, 
being since the 1980s a process much more efficient than the 
incandescence or fluorescence of other well-known light sources 
(electrical into thermal and then into optical). These devices employ the 
physical phenomenon known as electroluminescence (EL), a result of 
the combination of the words electro (from electrical power) and 
luminescence. Since it was first observed from a SiC crystal in 1907,[23] 
electroluminescence has largely evolved and with it, the development 
of semiconductor materials, together with light emitting devices from 
the 1960s onwards.[24–26] Nowadays, we are surrounded by light 
emitting devices, in applications spanning from power indicators in the 
form of monochromatic lights to full displays of various sizes and 
degrees of miniaturization (that is, with different density of devices). In 
addition, a wide range of materials are employed for light emission such 
as semiconductors of group II-VI or III-V compounds, organic 
semiconductors, quantum dots, optically-active dopants like rare-earth 
ions, etc. 
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Most of the devices aimed towards light emission employ a basic 
diode structure consisting of a p–n junction of semiconductors (as seen 
in Section 2.1.3. Silicon), being thus called light emitting diodes. Other 
approaches employ dopants or other luminescent centers mainly in a 
metal-oxide-semiconductor (MOS) structure, with these active centers 
embedded in the oxide material. In a standard LED configuration, the 
injection of electrons from the n-type material and holes from the p-
type, promote the localization of these charges in the space charge 
region, leading to an increase in the radiative recombination rate of 
electron-hole pairs. 

In some other cases, a transfer process of the energy of excitation to 
the luminescent centers is required. The radiative process of de-
excitation can occur via inter-band transitions, intra-band transitions 
or localized states of impurities. In the case of semiconductors, this 
corresponds to the radiative recombination process of the electrons in 
the bottom of the conduction band with holes in the top of the valence 
band that can proceed via direct band to band recombination (free 
carriers) or via an impurity or trapped exciton. The resulting emission 
has the energy of the band gap minus the impurity or exciton energy if 
it were the case. Other optically-active centers will show emission 
because of the electronic transitions within the allowed energy states of 
an element. In this case, the excited electrons lose energy when relaxing 
their energy state in the form of the emission of photons, with their 
energy being equal to that of the transition. 

In the following, the mechanisms of excitation of valence band-bound 
electrons in light emitting devices will be reviewed. In addition, the 
electron-hole pair recombination as well as the transitions of rare earth 
ions, both being the light emission mechanisms employed in this 
Doctoral Thesis, will also be covered. 

2.2.1. Excitation 

We can distinguish four main mechanisms of excitation in light 
emitting devices, as presented in Figure 2.4: 
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• Impact excitation: Electrons that are accelerated into the device (or 
the emitting layer) through the conduction band impact with 
impurities or dopants in an inelastic collision. These gain energy 
and are excited to a high energy state, which is relaxed after some 
time resulting in the emission of extra energy as a photon. It is the 
main mechanism in the excitation of rare earth (RE) ions and other 
impurities and it is used to understand and model light emitting 
devices with RE ions and Si NCs presented in this Doctoral Thesis. 

• Impact ionization: Similar to impact excitation, an electron 
accelerated into an emitting layer may transfer energy via a 
collision directly to other electrons, freeing them and leaving 
behind ionized states. 

• Energy transfer: The energy accumulated in a system can also be 
useful to excite luminescent centers by transferring it, as a 
consequence of their proximity to excited particles. This mechanism 
explains the occurrence of light emission from Eu/Tb co-doped ZnO 
being mainly related to Eu transitions, as ZnO, defects and Tb 
energies are partially transferred to Eu atoms. 

Impact 
excitation

Impact 
ionization

Energy 
transfer

Bipolar 
injection

(a) (b)

(c) (d)

Figure 2.4. Main mechanisms for electroluminescence excitation: (a) 
impact excitation of accelerated electrons with impurities, (b) impact ionization 
of electrons with a semiconductor producing electron-hole pairs, (c) energy 
transfer between two radiative centers, and (d) bipolar injection of electrons 
and holes that recombine. 
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• Electron-hole bipolar injection: Last and the main excitation 
mechanism in many LEDs, if an electron and a hole are 
simultaneously injected into a device from each electrode, they will 
be able recombine once they meet within the space charge region. 
This can be achieved with a proper device structure that allows 
injection of one carrier type while blocking the other carrier type, 
or by using alternating current. 

2.2.2. Semiconductor LEDs and exciton 
recombination 

In the case of electron-hole pairs created by bipolar injection in 
semiconductor LEDs formed by a p–n junction, these electrons and 
holes tend to recombine to minimize the system energy. In particular, 
electrons are circulating through the conduction band and holes 
through the valence band. Once they meet in the space charge region 
(or intrinsic layer, quantum well, quantum dot, etc.), they recombine 
liberating an energy equal to that of the difference between the electron 
and the hole. Thus, through a careful selection of materials the energy 
of emission can be tuned. With this in mind, LEDs have been developed 
to emit from the ultraviolet part of the spectrum (~200 nm) to the 
infrared (~2500 nm).[27–30] 

The band gap of a semiconductor is usually populated by additional 
states created by defects or impurities. In addition, thermal energy, 
either from the ambient or added to the material through non-radiative 
processes of de-excitation of carriers, local deviations in composition or 
structural defects, slightly modify the bands of the semiconductor. 
Thus, the color of emission of an LED is never formed by a single energy, 
but rather by a distribution centered around a main (most probable) 
energy. For visible light (400–700 nm) this distribution is sufficiently 
narrow for the human eye to perceive it as a single color. As well, 
brightness of this emission is controllable by the current circulating 
through the device, that is, the number of carriers available for 
radiative recombination. 

The future for LEDs is bright. The conversion efficiency, especially 
that of blue emitting LEDs, compared to other technologies and the 
control of their properties have made semiconductor LEDs the most 
employed light sources nowadays, not only for displays with a precise 
control of the color of each pixel, but also for illumination substituting 
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low-efficiency sources previously employed (e.g., light bulbs). In the 
field of illumination, GaN-based blue emitting LEDs have enabled the 
fabrication of white emitting devices, either by a combination of red, 
green and blue LEDs or by using a blue LED and a white phosphor. 
When thinking about displays, LEDs rival with organic LEDs (OLEDs) 
and liquid-crystal displays (LCD). While OLEDs offer higher response 
times and purer blacks, LCD panels using LED for backlight and 
phosphors for light emission are still cheaper. Other technologies such 
as active-matrix OLED (AMOLED) or quantum dot LED (QLED) are 
entering the market, while microLEDs (µLEDs) of inorganic materials 
continue to be research for their potential to overcome the main 
disadvantage of OLEDs, their degradation. 

2.2.3. Rare Earth electronic transitions 

A different strategy employed for making light emitting devices to 
that of enhancing band-to-band recombination-related emission is 
based on the doping with optically-active centers. In this context, RE 
elements have demonstrated over decades outstanding optical and EL 
properties.[31] Among all these, it is especially notable the stable and 
narrow emission they exhibit, the different RE species covering a wide 
range of the electromagnetic spectrum, in some cases spanning from the 
near-infrared (NIR) to ultraviolet (UV).[32] Their hosting material 
specially affects the scattering of their emission, larger for 
polycrystalline and amorphous materials and weaker for crystalline 
matrices. RE elements are employed in the industry for the fabrication 
of LEDs as part of phosphorescent stacks that produce white light when 
optically excited. Additionally, the suitability of different host 
matrices,[31,33,34] including ZnO,[35–38] for containing optically-active RE 
dopants, has been extensively proved in the past, aiming at profiting 
from their emission after electrical excitation. 

Rare Earth elements, also called lanthanides, present luminescence 
due to the electronic transitions within the inner 4f shell of these 
elements. This results in the emission of photons with a well-defined 
energy dependent on particular transitions. Nevertheless, the 
symmetry of RE elements inside the host is fundamental for these 
radiative transitions to be allowed, requiring a +3-valence state to 
become optically active. The ions are arranged to the loss of the two 6s-
subshell electrons and one from the 4f subshell (which is already 
partially filled in its neutral state). Once this is achieved and they are 
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excited, radiative relaxation of these ions will take place mainly 
through two electronic transitions: one independent of the matrix result 
of intra-4f transitions protected by electrons in the larger radial-size 5s2 
and 5p6 subshells; and another dependent of the matrix due to 5d-to-4f 
transitions, being 5d the most external subshell after the loss of 
electrons in 6s.[39–41] Emitted photons from these de-excitation processes 
result in intense narrow peaks distributed along the electromagnetic 
spectrum, making them great candidates for a new generation of light 
sources. 

Working towards an end goal of a white light emitting device based 
on rare earths, a combination of red, green and blue emitting elements 
could be integrated into an RGB array of devices, enabling also the 
tunability of the final white emission. In this visible range of emissions, 
we can find three elements presenting the desired emissions: europium 
(Eu), terbium (Tb) and cerium (Ce). As previously detailed, 5d-to-4f and 
intra-4f electronic transitions that take place in these elements when 
optically active in a trivalent state are represented in Figure 2.5.[35,42,43] 
The probabilities of each transition occurring are different and include 
a range of discrete emissions, meaning that not a single wavelength is 

Figure 2.5. 5d-to-4f electronic transitions in the rare earth ions considered 
for this work (Ce3+, Tb3+ and Eu3+) and the wavelength corresponding to the 
resulting photons. The main transitions with higher probability of occurring 
have been highlighted in the schematics in blue, green and red, respectively 
for Ce3+, Tb3+ and Eu3+. 
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emitted from each ion but rather a combination of them. Nevertheless, 
some transitions being more probable determine the resulting color we 
perceive. Following Figure 2.5 for the case of the three RE elements 
selected above: Ce has a blue emission (464 nm),[44] Tb yields green 
emission (544 nm)[45] and Eu a red one (616 nm).[46] 

Due to the precise conditions required for the optical activation of RE 
ions, the doping,[36] fabrication process[47] or hosting material[37,48–50] 
become critical factors (among others) to obtain reliable devices that 
take profit of the luminescent properties these elements exhibit. Their 
use nowadays comprises different phosphors that transform blue light 
illumination into other colors. In this Doctoral Thesis it is proposed 
their direct electrical excitation via impact excitation, and to a lesser 
extent energy transfer, to achieve their emission. 

2.3. Photovoltaic devices 

The high increase in human population during the last decades has 
led to an even higher increase in energy demand. To supply all this 
energy, the main source employed up to now has been the burning of 
fossil fuels (oil, gas, coal). These resources are well known to be harmful 
for the planet Earth as the main source of greenhouse gas emissions. 
But a second problem that is only in the recent years gaining attention 
is their limited availability. In this context, new sources of energy need 
to take the lead in energy generation and substitute the old ones, 
overcoming the two exposed problems (avoiding the emission of harmful 
subproducts, and using natural renewable sources).[51] 

The Sun is one of these highly researched sources. The amount of 
energy reaching the Earth that could be used by humans is estimated 
to be between 3.9×106 and 5.5×106 EJ per year, whereas the total energy 
produced was ~617 EJ in 2019.[52,53] Indeed, the energy corresponding 
to the solar radiation reaching the upper part of the atmosphere is 
roughly 9000 times the amount of globally-consumed energy by the 
humankind (roughly 2000 times larger if taking into account only solar 
radiation reaching the sea level).[54] It becomes obvious that exploiting 
solar energy is key, as it could be the only source required by 
humankind to sustain its current way of life. This requires of both 
absorption and conversion of the solar energy into other types such as 
thermal, chemical or electrical. This latter energy form, one of the most 
employed, is simply achievable by photovoltaic devices. 



Background and State of the Art 

28 

Via semiconductor materials, a photovoltaic device takes profit of the 
energy of the incident photons to excite an electron from the valence 
band and promote it towards the conduction band, leaving a hole at the 
former. The presence of an internal electric field in the device achieved 
via a p–n junction (as explained in Section 2.1.3. Silicon), separates the 
electron-hole pair before it is recombined, extracting each “particle” 
through opposite contacts of the device to the external circuit, where 
their energy will be used. 

While the process is apparently simple (see Figure 2.6), many losses 
may lead to a low conversion efficiency. To start, the semiconductor 
band gap limits the minimum energy of the photons that are absorbed, 
the material being transparent to those photons with lower energy than 
the band gap (marked as 3 in Figure 2.6). Shockley and Queisser used 
this as an approximation to derive the theoretical efficiency limit of a 
single-junction cell as a function of the band gap, commonly known as 
the Shockley-Queisser (SQ) limit.[55] While the first calculation gave a 
maximum efficiency of 30% for the energy band gap of Si at 1.1 eV , it 
was later reviewed to be 33.7% at 1.34 eV.[56] This limit is mainly due 
to losses in non-radiative transitions in the form of thermal energy, 
released by electrons that are excited with energies higher than the 
band gap of the material when relaxing to the bottom of the conduction 
band (marked as 1 in Figure 2.6). In addition, radiative recombination 
of electron-hole pairs that result in luminescence (marked as 2 in Figure 
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Figure 2.6. Absorption process of solar radiation in a solar cell 
semiconductor and associated losses: (1) thermal radiation to the lattice, (2) 
luminescence from recombination of electron-hole pairs, and (3) transmission 
of radiation with energy below the band gap. 
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2.6) also reduces the efficiency of photovoltaic devices. New approaches 
resulted from photovoltaics research have been able to raise the limit 
to 68.7% for infinite multi-junction solar cells, when different band gap 
materials are stacked together to efficiently absorb distinct parts of the 
solar spectrum.[57] 

As a consequence of the determination of the SQ limit, the First 
Generation Photovoltaics started its development. Devices researched 
in this generation employed crystalline Si, as this element is the 
semiconductor that most closely resembled the theoretically required 
band gap, 1.12 eV. After the revision of the limit, the considered 
semiconductor became GaAs, with a band gap of 1.44 eV, leading to 
optimum photovoltaic performance with a single semiconductor.  

The problem that resulted from the first generation was the 
requirement of thick layers (in the range from tenths to hundreds of 
µm). The Second Generation Photovoltaics directly tackled this problem 
by researching new materials with higher absorption coefficients, 
allowing for nm-thick layers. Materials that stand out in this 
generation are CdTe, CIGS (CuInGaSe) and amorphous Si.[58,59] The 
drawback of these materials was their fabrication requirements of high 
vacuum and high annealing temperatures, reducing the benefit of low 
material costs. In addition, the lower thickness required by this layer 
allowed the fabrication of flexible devices, highly versatile for many 
applications.[60,61] 

The most efficient list of materials would come with the Third 
Generation Photovoltaics, which included the concept of multi-junction 
combinations of materials as well as other aspects from 
nanotechnologies research. It was first proposed by M. Green,[62] and it 
employs materials with different band gaps to absorb different parts of 
the light spectrum, giving rise to the so-called tandem cells. Some 
materials commonly employed are group III-V semiconductors like 
InGaP, InGaAs, AlAs, AlN, etc.  In this generation, there are also 
included other emerging technologies that are quickly rising in 
efficiency in the last years, including CZTS (CuZnSnS)-based, organic, 
perovskite-based and quantum materials. 

The National Renewable Energy Laboratory (NREL) in the US 
maintains and publishes a database of demonstrated lab solar cell 
efficiencies since 1976.[63] Figure 2.8 displays the latest data as of the 
time writing of this Doctoral Thesis. It should be highlighted as of 2022, 
the maximum efficiencies of single-junction cells for Si and GaAs at 
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27.6% and 30.8%, respectively and using concentrators; thin film 
technologies at 23.4%; multi-junction or tandem cells at 47.1%; and 
emerging technologies including perovskite and perovskite/Si cells at 
25.7% and 29.8%, respectively, quickly improving considering that they 
only appear in the data since 2013 and 2017, respectively. 

In this Doctoral Thesis, the concept of an all-Si tandem solar cell is 
employed in combination with resistive switching for analyzing the 
electrical state of these devices (as will be explained in the following 
section) and for improving the carrier extraction efficiency when used 
as a photovoltaic device. This all-Si tandem cell consists of multilayers 
of Si nanocrystals embedded in SiO2 for improved absorption of high 
energy photons and a Si substrate for the low energy photons 
absorption, as presented in Figure 2.7. 

 

 

 

Si substrate

SiO2

Si 
NCs

High ELow E Figure 2.7. Schematic of an all-Si 
tandem solar cell with Si nanocrystals 
and crystalline Si for absorbing 
different parts of the spectrum more 
efficiently. 
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2.4. Resistive switching devices for 
optoelectronics 

Resistive switching (RS) is a property shown by materials that are 
able to change their electrical resistance between different stable states 
in a reversible manner. The fact that this change can be performed 
cyclically has attracted the attention of the electronics community, as 
the different resistance levels could be used to represent logic states in 
different digital applications. 

First mentions of this effect date back to the 1960’s,[64–67] when 
several groups reported evidence of hysteresis in I(V) measurements 
with different materials sandwiched in a metal-insulator-metal (MIM) 
structure. It was in 1971 when all these works were given a theoretical 
background, as Leon Chua pointed out that a fourth passive basic 
circuit element should exist along with the resistor, the inductor and 
the capacitor (see Figure 2.9).[68] This element was mathematically 
described, modelled, and given the name of memristor, a contraction of 
memory and resistor. Both electrical and theoretical observations would 
be correlated in 2008, when Strukov et al.[69] explained how 
memristance took place at the nanoscale under electrical stress applied 
to different materials and particularly in TiO2. 

The concept of memristor, and thus memristance, implies that the 
change in the resistance produced in the material is progressive with 
the charge flow. While this could be useful, research has focused in 
employing mainly two states that changed abruptly to represent 0 or 1 
in a new kind of memories known as resistive random-access memory 
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Figure 2.9. Deduction of the 
existence of the memristor by Leon 
Chua.[68] In clockwise direction, 
starting at the top, are represented the 
inductor, the memristor, the capacitor 
and the resistor; with their respective 
mathematical relations. 
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(ReRAM, sometimes RRAM) devices. These states are called low and 
high resistance states (LRS and HRS, respectively). While new device 
structures have been also explored, the basic MIM structure is 
maintained to this day. 

In terms of device operation, RS devices can be unipolar or bipolar, 
depending on the requirement or not of a polarity change to modify the 
state of the device. Voltage applied in the form of I(V) curves or pulses 
can be employed to electrically stress the device and switch its state. 
Figure 2.10 represents both operation modes, along with the curve of a 
pristine device that is first submitted to a change, the LRS and HRS, 
the reset (LRS to HRS) and set (HRS to LRS) processes, and a current 
compliance value (ICC) to avoid irreversible damage to the device in the 
set process. It must be noted that whereas bipolar operation requires of 
set and reset occurring at different polarizations, unipolar only needs 
an applied voltage independent of the polarity, thus being plot within 
the same quadrants (1 or 3) of its graph. 

From the physical point of view, devices that undergo resistive 
switching suffer modifications to their structure at the nanoscale. There 
are different mechanisms that could originate these modifications, and 
over the years more of them have appeared.[70–74] Table 2.I summarizes 
all of these. It should be noted that three of them, namely the phase 
change memory (PCM), valence change memory (VCM) and 
electrochemical metallization (ECM) stand out over the others as the 
most reported ones. 

V

I
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Reset
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Pristine

HRS

LRS
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Unipolar Bipolar

Figure 2.10. Unipolar and bipolar resistive switching operations. Unipolar 
devices can use both polarities to perform a reset or set operation, while bipolar 
devices have one single established polarity for each process. Virgin curves 
represent a device that is submitted to a change of resistance state for the first 
time. 
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As a quick overview, PCM effect is based in the heating of the 
insulating material with current until a change of phase is produced, 
the different phases presenting different electrical resistances. In the 
case of the ECM effect, a diffusion of metal ions from one of the 
electrodes toward the insulator results in a filament that connects with 
the other electrode, and which can be broken by heating the filament 
with high intensity currents. In the frame of this Doctoral Thesis, 
however, RS devices presented will focus on the VCM effect. 

In VCM, the insulator material sandwiched between metals is 
usually a metal oxide (sometimes a nitride or an oxynitride). The 
process is represented in three stages in Figure 2.11. The first process 
of electroforming highly stresses the dielectric in a pristine state to the 
point of breaking the material and liberating O2- ions, which then move 
with the applied external electric field and are accumulated at the 
interface with one of the metal contacts. The movement of this network 
of O2- ions leaves behind conductive filaments (CFs) of nanosized 
dimensions made of O vacancies (VO2+), which connect both electrodes 
through low resistance paths. This change is usually limited by setting 
a maximum allowed current to avoid irreversible damage (current 
compliance –CC–). The device lies now in the LRS. VCM is a bipolar-
like RS mechanism, and as such, reversing the polarity allows for the 
reset process to take place. The accumulated O2- ions move away from 
the electrode and occupy the generated vacancies in the CFs, re-
oxidating them until the connections are broken. The device is now in 
the HRS. Since not all the O2- ions reach a vacancy, the system does not 
recover the original pristine state. The set process is forced in the same 
polarity and in the same way as electroforming; nevertheless, since part 

Resistive 
switching

mechanisms

Ferromagnetic tunneling

Magnetorresistive Memory effect

Phase Change Memory (PCM) Effect

BipolarThermochemical Memory Effect

Redox-relatedValence Change Memory (VCM) Effect

Electrochemical Metallization (ECM) Effect
Unipolar

Electrostatic/Electronic Effects

Molecular Switching Effects

Nanomechanical Memory Effect

Table 2.I. Resistive switching mechanisms, highlighting those most 
reported, their operation and the significance of redox-related chemical effects. 
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of the CFs are still maintained, the required electrical stress (applied 
external voltage) is reduced. The device can now be switched at will 
between LRS and HRS via set and reset operations. 

The possibility of a unique CF being formed and being responsible 
for the change in conductivity cannot be discarded. Works that have 
shown in situ formation of CFs employ altered devices (normally 
reduced in one dimension) and thus their observations cannot be 
extrapolated to 3D devices, where the density of defects in the insulator 
(probable starting point for the CF formation) is much higher.[75,76] In 
any case, estimations of the sizes of the filaments can be done knowing 
the current density in the pristine and LRS states. It has been shown 
that CFs have sizes in the range of tenths of nanometers[13,77]  and thus, 
that around 20 of them could be necessary to change the state of a large 
460×460 µm2 device.[78] In addition, it has been found in the frame of 
this Doctoral Thesis for devices used in photovoltaics after 
electroforming processes limited at different CC, that the open circuit 
voltage (VOC) stayed almost constant while the short-circuit current 

Figure 2.11. Schematic representation of the VCM effect in a MIM device, 
with a metal oxide as insulating layer. The insulator is originally in the 
pristine state. Via an external electric field, the electroforming process is 
promoted, a network of oxygen ions is liberated from the insulator and CFs are 
generated, thus achieving the LRS. Under a different electric field polarity, the 
CFs can be oxidized in the reset process, physically disconnecting the 
electrodes and reaching the HRS. Similar to electroforming, the set process 
reconnects the CFs to restore the LRS. 
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(ISC) increased with the application of higher CC values. This can only 
be explained by the formation of new filaments connected in parallel, 
and not as one only filament increasing its size.[79] 

Research in the field of resistive switching has evolved in the recent 
years. Pure digital memory applications of RS are closer to being 
integrated into final products, while others like brain-inspired or 
neuromorphic computing are promising for the future.[80] For the 
former, LRS and HRS can be used to store 1 or 0, respectively, in arrays 
of devices located at cross points of access wordlines and read bitlines. 
Full arrays using different RS mechanisms have already been shown 
and it is now a matter of time that they start replacing conventional 
Flash and DRAM memories.[81–86] 

 Beyond pure memory applications there can be identified two main 
applications of RS. First, computing in memory aims to combine 
memory and logic operations, classically separated in the von Neumann 
architecture, thus reducing the data transfer between units. Some logic 
processes could be implemented in memory arrays via small number of 
transistors, which would be easily connected to resistive switching 
devices as no additional elements would be required.  

Secondly, and as previously mentioned, memristors are also being 
considered as the appropriate devices for neuromorphic computing. In 
this sense, the advantages of these systems will come from the 
combination of memory and computing in single devices (reducing the 
need for data transfer), the increase in information density due to the 
analog switching employed in these devices, and the addition of time-
dependent information to that given by the resistance. It has been 
extensively shown that resistive switching devices can operate between 
more than two states and even gradually increase (potentiation) or 
decrease (depletion) their resistance. In addition, short-term and long-
term plasticity (that is, retention of a state) of devices have been shown 
to appear with pulses of different frequency.[87,88] This means that the 
function of a human brain neuron could be replicated by a RS device 
operated under extremely precise conditions. Works with single devices 
have been already published,[87,89] but connections between many of 
these devices are not yet a reality. Only simulations of what could be 
possible have been reported. 

In addition to studying the RS properties of different materials and 
devices, in this Doctoral Thesis it has been researched a new kind of 
devices which can be called optical memristors. In these devices, the RS 
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effect is combined with those previously described in this section (light 
emitting and photovoltaic devices). This requires transparent 
conductive oxide (TCO)-based electrodes as top contacts, which allow 
light to either enter or exit the devices while they are being operated. 
In the future, devices that can be electrically as well as optically written 
and read will be integrated into the field of optoelectronics, the 
combination of both electrical and optical signals being adequate to 
increase the range of applications to the photonics domain. 
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3. Materials and Methods 
Along the work carried out during this Doctoral Thesis, many have 

been the materials deposited and characterized. Due to the range of 
applications that have been previously introduced for these materials 
in the field of Optoelectronics, their fabrication and characterization 
becomes an essential step to fully understand the properties shown in 
the final device structures. In this section, the most characteristic and 
relevant materials are introduced, along with the deposition techniques 
that have allowed obtaining the desired composition and/or structure. 

3.1. Employed materials 

For each material employed in this Doctoral Thesis, it is hereby 
included their main application within the frame of this work. The first 
two materials correspond to TCOs, as well as introducing ZnO as an 
active matrix and active layer material. Afterwards, Si and Si-related 
materials are introduced. 

In the Chapters dedicated to the results, two ITO films will be 
employed as TCO for the top contact in two sets of devices: a rare earth-
doped SiAlO LED (Paper III) and an all-transparent resistive switching 
device (Paper IV). Each film has been fabricated using a different 
method: whereas the LED was totally developed in the clean room of 
the Faculty of Physics of the UB, employing the electron beam 
evaporation (EBE) system available, the top contact in resistive 
switching device was deposited via electron beam evaporation and 
patterned via lithography at the Institut de Microelectrònica de 
Barcelona - Centro Nacional de Microelectrónica (IMB-CNM). 

In the context of this Doctoral Thesis, ZnO has been employed as 
TCO for top transparent contacts in devices such as LEDs or light-
assisted resistive switching devices. As well, it is the host matrix for 
rare earth species that are optically active. Last, it is also the active 
material in resistive switching devices. Depending on the application, a 
different deposition method has been employed. When used as a TCO, 
atomic layer deposition (ALD) was preferable due to the high crystal 
quality that can be achieved resulting in a high optical transparency 
and good conductivity. In other uses, radiofrequency magnetron 
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sputtering proved to be convenient for both rare-earth doping during 
the deposition process and as a way to produce intrinsically defective 
ZnO ready for RS applications. These two properties will be tested for 
the fabrication of a light emitting device with RS characteristics. 

Along the work presented in this Doctoral Thesis, devices have been 
fabricated employing Si as an active layer or with current Si as the 
substrate. The reason under these fabrication conditions is the 
demonstration that all these devices are compatible with Si technology. 
Indeed, the resistive switching memories, light emitters and detectors 
hereby presented could easily be implemented on Si to ease the 
fabrication process and the advancement of electronic circuits by the 
integration of optical elements. 

Whilst SiO2 is no longer part of the final devices in nanoelectronics 
after being substituted by high-k dielectrics (HfO2, ZrO2, etc.), other 
research areas still use it for its combination of electrical and optical 
properties. Along the different works presented in this Doctoral Thesis, 
SiO2 has served different purposes: as a protection layer against 
diffusion of atoms (Paper III); as a critical layer in the fabrication and 
operation of devices containing Si nanocrystals (Papers VI–IX), as will 
be further explained in its dedicated chapter; and, as previously 
described, as part of the fabrication processes of devices requiring high 
precision (Papers IV, V). 

Within the frame of this Doctoral Thesis, both applications of Si NCs 
(as either light emitter or light absorber) have been considered together 
with the resistive switching of Si NCs-containing devices. In all cases, 
a SiO2 matrix was employed as surrounding environment for the NCs, 
mainly fabricated via plasma-enhanced chemical-vapor deposition and 
using the superlattice approach. A first work demonstrates that Si NCs 
fabrication following the same approach is also possible using electron 
beam evaporation as the deposition technique (Paper VI). The other 
three works explore the concept of an optical memristor, a resistive 
switching device that interacts with light during operation. Both the 
electroluminescence and light absorption properties from Si NCs are 
exploited to read the state of the devices during electrical operation 
(Papers VII and VIII, respectively). The last work focuses on improving 
the efficiency of a Si-Si NCs-based tandem solar cell by introducing 
nanostructural modifications via resistive switching (Paper IX). 
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3.2. Fabrication techniques 

In this section, the principal techniques used for the fabrication of 
devices employed in this Doctoral Thesis are described. For each 
process, the operation procedure is summarized and the key parameters 
that allow the control of the deposition process. In addition, the specific 
equipment as well as the works where each was employed are 
remarked. 

3.2.1. Electron beam evaporation (EBE) 

Electron-beam evaporation is a physical deposition process based on 
the generation of an intense beam of electrons from a filament, which 
is used to heat a target material until evaporation (the schematics of 
the EBE process is depicted in Figure 3.1). A high electric field is 
externally applied in order to accelerate electrons and extract them 
from the filament, creating the beam which is then directed by means 
of electromagnets inside the chamber to a target material contained 
inside a pocket (with a dedicated liner) and located at the bottom of the 
chamber. The electrons impact on the surface of the target and transfer 
their energy to the material, thus producing heat. Depending on the 
target material, either a sublimation or a melting plus evaporation 
processes can take place. After this, the released material travels to the 
substrate, located facing downwards at the top of the chamber, where 
its deposition occurs. The process needs a high vacuum of at least 5 × 
10-4 mbar to increase the mean free path of both the electron beam and 
the evaporated material, avoiding unnecessary collisions with particles 
that could result in an inefficient and contaminated deposition. 

There are many parameters to be controlled and altered during EBE 
deposition. Regarding the electron beam, the acceleration voltage, the 
intensity of the beam and the area in which it strikes the target 
material largely affect the evaporation rate. On the other end of the 
process, homogeneity of the deposited film is achieved by rotating the 
deposition substrate. Material growth is also affected by substrate 
temperature, which can be tuned with a lamp situated behind the 
substrate holder. The composition of the deposited films can be slightly 
altered by introducing a weak gas line (e.g., O2, N2 or Ar). Last, the 
thickness of the resulting film is controlled via a quartz sensor located 
at the same distance from the target as the substrate, although slightly 
inclined (an additional correction for this angle is employed). 
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The equipment employed is available in the clean room of the Faculty 
of Physics of the University of Barcelona. This system comprises a 
PFEIFFER VACUUM Classic 500 chamber with a Ferrotec GENIUS 
electron beam controller and a Ferrotec CARRERA high-voltage power 
supply. 

Within the results presented in this Thesis, the EBE system has 
been employed in various works. For the samples where ZnO is the 
active material in resistive switching (Papers IV and V), this technique 
was employed for both the bottom Al electrode and the top ITO contacts 
(patterned via photolithography). In samples of Si NCs MLs fabricated 
for resistive switching combined with optical properties (Papers VII–IX) 
and the samples of ZnO doped with rare earth ions for luminescence 
(Paper II), the bottom contact was made of Al deposited via EBE. Si NCs 
have also been deposited entirely via EBE following the same 
multilayer approach employed in other works with PECVD (Paper VI). 
An entire device structure in the form of ITO/15×(Al/Tb/Al/SiO2)/Si/Al 
was grown via EBE for green electroluminescent devices (Paper III). 
Last, although not included as part of the work in this Thesis, ITO NWs 
have been grown to study the effect of growth rate, time, temperature 
and substrate on their structure and properties as biosensors (see the 
list of papers in the CV section of the Doctoral Thesis). 

e-

Substrate
holder

Heating
lamp

Quartz
sensor

Target
pockets

Filament

Figure 3.1. Sketch of the electron beam evaporation (EBE) system 
employed in this work. The beam is accelerated to be extracted from the 
filament and bent via magnetic fields to reach the target, from which material 
is evaporated and later deposited on the substrate at the top. 
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3.2.2. Radiofrequency magnetron sputtering 

The other physical deposition technique employed in this Thesis for 
the fabrication of devices is radiofrequency magnetron sputtering 
(Figure 3.2). In this process, a target of the material to be deposited and 
a substrate are placed one in front of the other inside a vacuum 
chamber. The term sputter refers to how the target material is removed 
to be deposited on the substrate. An inert gas, typically argon, is 
introduced in the chamber and, by means of an electric field, a plasma 
of this gas is created. The electric field accelerates the plasma towards 
the target material. Because the energy of the gas ions is higher than 
the binding energy of the atoms or molecules of the target, these bonds 
are broken, and the material is ejected and travels in all directions, 
being deposited on the surface of the substrate and on the chamber 
walls. The usage of an inert gas avoids interaction of the gas and the 
material once released from the target. 

In order to maintain the gas available for the formation of plasma, a 
magnetic field is created inside the chamber that confines the electrons 
close to the target. In addition, if the target material is a dielectric, 
charge may be accumulated during the process. By means of an 
alternating electric field this charge is freed, the most typical frequency 
being 13.56 MHz, hence the radiofrequency term. 

Ar

Heater Substrate

Target Magnets

Plasma 
electrodes

Figure 3.2. Sketch of a radiofrequency magnetron sputtering system. 
Argon gas is ionized and directed towards the target material, which is ejected 
and deposited on the substrate at the top. Magnets at the bottom maintain the 
electrons to recover the Ar gas and continue the process. 
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The parameters that allow a high control of the deposition are the 
power of the electric source, the amount of Ar inside the chamber, the 
magnetic field strength, the substrate temperature and the vacuum 
pressure. 

The equipment used in this Thesis is a “Meca 2000” system available 
at the Center of Research on Ion Materials and Photonics (CIMAP, 
University of Caen, France). Radiofrequency magnetron sputtering has 
been employed in this Doctoral Thesis for the deposition of ZnO with 
two purposes: as an active material in resistive switching devices and 
doped with rare earth ions as part of LED devices. For the latter, rare-
earth oxide pellets were placed on top of the ZnO target before 
sputtering, thus allowing for a co-deposition of the ZnO matrix and the 
rare earth ions. 

3.2.3. Plasma-enhanced chemical-vapor deposition 
(PECVD) 

In contrast to the previous methods, plasma-enhanced chemical-
vapor deposition (PECVD) is a chemical deposition technique. Its 
working principle is depicted in Figure 3.3. A mixture of gases is 
introduced into the chamber, where high vacuum has previously been 
achieved. Through electrical discharges produced by two electrodes, a 
plasma of these gases is produced, and they are dissociated. The 
resulting ions are then directed through the electrical discharge 
towards the substrate, located at one of the electrodes, where thin film 
deposition is desired, producing an ion bombardment of the substrate 
that removes contamination and increases material density. Upon 
contact with the substrate, these ions react with each other at a lower 
temperature than the normally required one due to their physical state 
(plasma of dissociated molecules). After their reaction, the resulting 
product is deposited onto the substrate. 

Control of the substrate temperature, the amount of gas allowed to 
enter the chamber, and the electrical discharge are crucial for the 
deposition of high-quality thin films. Regarding this last parameter, the 
electrical discharge that produces the plasma is achieved via either 
radio frequency alternating current or direct current. 
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The equipment used in this Doctoral Thesis is an Oxford 
Instruments “Plasmalab 100” system with a 13.56 MHz-driven parallel 
plate reactor; available at the Institut für Mikrosystemtechnik (IMTEK, 
Albert-Ludwigs Universität, Freiburg, Germany). 

In the framework of this Thesis, PECVD has been employed for the 
fabrication of Si NCs in multilayer structures (Papers VII–IX). These 
structures are formed by alternating layers of silicon-rich oxynitride 
(SRON) and SiO2 with thicknesses of 4.5 nm and 1 nm, respectively. 
Via an annealing treatment at 1150 °C for 1 h under N2 atmosphere, 
the precipitation and crystallization of the Si excess within the SRON 
layers is promoted, forming the Si NCs. In addition, samples fabricated 
for resistive switching of Si NCs also include the deposition of a 2-nm 
Si3N4 sublayer between the substrate and the multilayers in order to 
improve the injection of electrons in inversion conditions due to its 
positively fixed charges, consequence of its defective nature. 

3.2.4. Atomic layer deposition (ALD) 

The last deposition technique employed is also considered part of the 
chemical-vapor deposition methods, with the difference that the 
precursors are never at the same time inside the vacuum chamber. As 
the name clearly states, ALD is based on the deposition of atomic-thick 
layers of a material, one by one. 

Gases in
Gases out

HeaterSubstrate

Plasma 
electrodes

Figure 3.3. Sketch of the plasma-enhanced chemical-vapor deposition 
(PECVD) system employed in this work. The gases introduced into the 
chamber are ionized and dissociated through an electrical discharge, allowing 
their reaction and deposition onto the substrate. 
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The material growth is done by alternatively exposing a substrate to 
different precursors, usually two. These precursors are adhered to 
absorption sites on the surface of deposition until all are occupied, thus 
limiting the reaction to the surface so that only a layer is deposited at 
the time. Each precursor is purged from the chamber after the reaction, 
before the next one enters. As it might be expected, this method allows 
a high control of the final deposition thickness by varying the number 
of cycles performed. In addition, the fact that the deposition is 
controlled down to each layer results in very high-quality films, with 
low density of defects. 

In this Doctoral Thesis, ALD has been employed for the deposition of 
ZnO as a high quality transparent conductive oxide.[1] This has been 
employed in devices as a top contact, as its combined high conductivity 
and transparency allow the electro-optical characterization of devices 
in a vertical configuration. In particular, ZnO top contacts are used in 
two main works: light emitting devices with rare earth-doped ZnO as 
the active material (Papers I, II), and light interaction of Si NCs-based 
resistive switching devices (Papers VII–IX). In both cases, the contacts 
were fabricated at the Institut für Mikrosystemtechnik (IMTEK, Albert-
Ludwigs Universität, Freiburg, Germany), using a commercial “OpAL” 
Oxford Instruments system. For the growth of ZnO, the precursors 

OH

DEZ

CH3

H2O

(a) (b)

(d) (c)

Figure 3.4. The four steps in the cycle of deposition of ZnO via ALD. (a) 
The chamber is purged of remaining water (and C2H6) and the surface is left 
functionalized with OH groups. (b) DEZ enters the chamber and reacts with 
the OH. (c) Chamber is purged of residual DEZ and C2H6, and deposition 
surface is CH3 terminated. (d) Water enters and reacts. 



3.3. Characterization techniques 

53 

employed are diethylzinc [DEZ, Zn(C2H5)2] and water, following Figure 
3.4 and the reaction: 

 𝑍𝑍𝑍𝑍(𝐶𝐶2𝐻𝐻5)2 + 𝐻𝐻2𝑂𝑂 ⟶ 𝑍𝑍𝑍𝑍𝑂𝑂 + 2 𝐶𝐶2𝐻𝐻6 (3.1) 

The thickness of the contacts was 100 nm, and the devices were kept 
at 200 °C during deposition, which was previously found to be an 
optimal temperature. The contacts were patterned via conventional 
lithography, to a 500-µm diameter circular shape. 

3.3. Characterization techniques 

Throughout the work carried out in this Doctoral Thesis, different 
techniques of characterization of materials and devices have been 
employed. What follows is a description of these techniques, the 
information they allow to be obtained, the control parameters and in 
which works they have been used. 

3.3.1. Optical characterization 

The interaction of matter with electromagnetic radiation is strongly 
dependent on the wavelength and polarization state of the incident light 
and the properties of the material, such as its atomic structure. Thus, 
by analyzing this interaction, different material properties can be 
studied. Among them and of high relevance are atomic energy levels, 
energy bands and the band gap energy of semiconductors and other 
optoelectronic materials. 

As represented in Figure 3.5, light impinging in a material can 
undergo three major processes: transmission, reflection, and 
absorption. Whereas transmission alone is very important for 
applications of some materials, the analysis of their absorption 
spectrum is one of the ways to find some of the above commented 
material properties. 

The absorption of light modifies the material to an excited state from 
which a relaxation takes place. This results in the release of acquired 
energy via thermalization of the lattice or emission of photons. This 
latter emission process is called photoluminescence, and its analysis 
yields information about the electronic transitions (band gap, inter-
band or intra-band) occurring during relaxation. 
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Last, a second order process can also take place: scattering. In this 
case light interacts with phonons and plasmons in the material and is 
dispersed. If no energy is lost, elastic or Rayleigh scattering occurs, 
while in the opposite case it is called inelastic or Raman scattering. The 
origin of inelastic scattering lies in the interaction of light with the 
vibrations of the lattice, highly related to the crystalline state of the 
material under study. 

In the present Doctoral Thesis, PL has been mainly used. This 
technique is non-destructive, useful and fast for the characterization of 
semiconductor band gaps and rare earth electronic transitions. While 
absorption can give similar information, sample preparation requires of 
transparent substrates and isolation of the target material for a correct 
characterization. Last, Raman scattering informs on the crystalline 
structure of materials and the stress it is under (tensile or compressive, 
if any); this characterization being limited to the surface with a 
penetration depth dependent on the wavelength employed. These two 
latter techniques are thus a great complement, sometimes necessary, to 
the accessibility of PL measurements. 

3.3.1.1. Photoluminescence (PL) 

As previously introduced, PL describes a process of emission of 
photons by a material when relaxing from an excited state, reached by 
the absorption of incident light (presented in Figure 3.6). Indeed, other 
luminescent process are possible, depending on the excitation 
mechanism. Thermoluminescence (excitation with thermal energy), 

Transmitted

Reflected

Reflected

Luminescence
Scattered

Vacuum / air Sample Vacuum / air

Absorbed

Figure 3.5. Main interaction processes of incident light with a material, 
including transmission, reflection, scattering, absorption and emission. 
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electroluminescence (electron injection) or cathodoluminescence 
(cathodic rays) are also highly employed for the study of semiconductors 
and semiconductor devices in the frame of optoelectronics. 

In the process of absorption, electrons acquire energy and reach an 
excited state within their allowed energies. For this process to occur, 
the incoming energy needs to be large enough to overcome any 
forbidden states, such as the band gap. The excited electrons remain 
bound to the created hole, if they are not set free, in what is known as 
a bound exciton (an electron-hole pair). The electron and the hole then 
relax towards a state of minimum energy via non-radiative processes, 
that is, thermalizing their surroundings to afterwards recombine. In 
this recombination process the electron drops to a lower energy state 
occupying the site of the hole and emitting the excess energy in the form 
of a photon. The energy of these photons (or its corresponding 
wavelength) will be determined by the transition of the electron, which 
can be of band-to-band origin, such as the band gap in semiconductors 
between the conduction band and the valence band; or intra-band origin 
due to the presence of additional states in the band gap created by the 
presence of defects or impurities in the semiconductor lattice; or of 
inter-band origin like the radiative electronic transitions that take 
place in some trivalent rare-earth ions, as previously detailed. 

Absorption

Non-radiative relaxation

Edef,imp

EPL

Figure 3.6. Representation of an energy band diagram with absorption and 
photoluminescence processes. Photoluminescence emission can have two 
origins: either from material electronic transitions (represented in yellow) or 
from interaction of the material with defects and/or impurities it may contain 
(represented in purple). 
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The intensity of emission yields a qualitative measurement of the 
number of active luminescent centers, but this measurement 
additionally depends on the energy of the excitation source and the 
presence of defects and impurities.[2] 

In the frame of this Doctoral Thesis, the experimental PL setup 
employed is depicted in Figure 3.7. This system has the possibility of 
using one of two different continuous-wave lasers by changing the 
position of a mirror, depending on the excitation wavelength necessary: 
Ar+ (488 nm, 514 nm or others) or He-Cd (325 nm). A mechanical 
chopper breaks the beam to an 11 Hz frequency, allowing it to be 
distinguished by the lock-in amplifier from other background light 
reaching the monochromator. The excitation of the samples is done with 
a mirror and two lenses in a backscattering configuration, which 
reduces the space required for the setup, and focuses the emission at 
the entrance of the monochromator. A computer controls the 
monochromator movement while recording the voltage signal given by 
the multimeter, equivalent to the emission intensity for each 
wavelength.  

Most experimental setups for PL spectroscopy use wavelength to 
refer to the photons collected, as it is easier for the user to identify what 
is being measured in terms of position in the electromagnetic spectrum. 
However, the discussion and modelling of PL emission should always 
be done in terms of the photon energy, magnitude that contains the 
physical significance. The direct conversion from wavelength to energy 
(and vice versa) is: 

He-Cd (325 nm)

Ar+ (357, 488, 
514… nm) M

onochrom
ator

PM
T

Lock-in Amplifier

M
ultim

eter

PC
(Control/Record)

Mirrors Sample

Chopper

Lenses

CW 
lasers

Figure 3.7. Scheme of the PL setup available at the UB. The use of mirrors 
and a backscattering configuration for sample excitation and signal acquisition 
greatly reduces the space required. 
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 𝐸𝐸 = ℎ𝑐𝑐
𝑞𝑞𝑞𝑞
⟹ 𝐸𝐸[𝑒𝑒𝑒𝑒] ≈ 1239.5[𝑒𝑒𝑒𝑒·𝑛𝑛𝑚𝑚]

𝑞𝑞[𝑛𝑛𝑚𝑚]  , (3.2) 

where h is Planck’s constant, c is the speed of light in vacuum, q is the 
elementary charge and λ the wavelength of the photons (in nm). 

However, when performing this operation, it should also be 
considered that the intensity measured must also be transformed, since 
the interval of change in each magnitude differs because of their inverse 
relation. As a consequence, the interval in wavelength, dλ, is not of 
equal to that corresponding to the energy spectrum, dE. The additional 
transformation required is (from conservation of energy): 

𝑑𝑑𝑑𝑑 (𝜆𝜆)𝑑𝑑𝜆𝜆 = −𝑑𝑑𝑑𝑑 (𝐸𝐸)𝑑𝑑𝐸𝐸 

⇓ 

 𝒅𝒅𝒅𝒅 (𝝀𝝀) = −𝑑𝑑𝑑𝑑 (𝐸𝐸) 𝑑𝑑𝑑𝑑
𝑑𝑑𝑞𝑞

= −𝑑𝑑𝑑𝑑 (𝐸𝐸) 𝑑𝑑
𝑑𝑑𝑞𝑞
�ℎ𝑐𝑐
𝑞𝑞𝑞𝑞
� = 𝒅𝒅𝒅𝒅 (𝑬𝑬) 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏.𝟓𝟓 [𝒆𝒆𝒆𝒆·𝒏𝒏𝒏𝒏]

𝝀𝝀𝟏𝟏 [𝒏𝒏𝒏𝒏𝟏𝟏]  , (3.3) 

where the minus sign represents the opposite trend exhibited by energy 
with respect to wavelength. 

3.3.2. Electrical and electro-optical characterization 

3.3.2.1. Electrical measurements 

The electrical characterization carried out in this work has mainly 
been done in the form of current-voltage [I(V)] measurements in a two-
probe vertical configuration, where the bottom contact was grounded 
and common for many devices and the top contact selected them 
individually. In these measurements, the applied external voltage is 
always forced through the top contact and thus the circulating current 
across the device is measured. Parameters such as the voltage step, hold 
time, step time, current compliance, and start and end voltages are 
individually set for each measurement. 

Other electrical measurements that have been performed include 
constant applied current or voltage [V(t) or I(t), respectively], pulsed 
applied voltage, conductivity measurements for material 
characterization and I(V) curves at different temperatures. 

The equipment employed for these measurements is a Cascade 
Microtech Summit 11000 probe station coupled to an Agilent B1500A 
semiconductor device analyzer. The probe station is closed, creating a 
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Faraday cage that insulates the devices from external electromagnetic 
noise. The chuck of the station is a 6” metallic platen that serves as back 
contact while holding the samples in place with vacuum and heating 
them if required. The system has four contact probes with a 10-µm 
diameter gold tip, and they are directly connected to the source-
measurement units (SMUs) of the analyzer. A Seiwa Optical 888L 
microscope allows the visualization of the top contact and the probes, 
especially useful for contacting. Last, the SMUs are interchangeable 
components of the analyzer that are able to apply either current or 
voltage while simultaneously measuring the other. From the different 
existing types of SMUs, the system employed has available two for high 
power, one for medium power, one for high resolution and one for pulsed 
measurements. 

3.3.2.1.1. Charge transport in dielectrics 

The study of devices presented in this Doctoral Thesis, which employ 
metal oxides as their active layers, requires a throughout study of how 
they conduct carriers. Indeed, metal oxides are semiconductors that can 
be either intrinsic or doped (or defective), meaning that they will behave 
closer to a dielectric or a metal, respectively. Their charge transport 
mechanisms largely affect their properties under study, such as light 
emission through excitation, light absorption through carrier diffusion 
and extraction before recombination, and resistive switching through 
the ease of material breakdown and O2- diffusion. 

The study of charge transport allows device fabrication to engineer 
the active materials to highly control their electrical properties. These 
properties are influenced by material parameters such as carrier 
density, mobility, layer thickness and temperature. In addition, device 
structure and applied external voltage also alter the conduction of 
materials. This can be easily visualized in Figure 3.8 using a metal-
oxide-semiconductor (MOS) structure as an example, the same one 
employed in devices that will be presented in the following three 
chapters of results. In flat band conditions, an external applied voltage 
counters the internal potential that is created by the system in 
equilibrium, a result of the difference in Fermi energies between the 
metal and the semiconductor [Figure 3.8(a)]. When a negative voltage 
is applied to the metal contact [Figure 3.8(b)], the majority carriers in 
the p-type semiconductor (holes) are attracted to the interface with the 
oxide and trapped there while part of the electrons cross over from the 
electrode towards the semiconductor. This is known as the 
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accumulation regime. If a positive bias is applied [Figure 3.8(c)], the 
majority carriers are depleted (depletion regime) from the interface 
with the oxide and an ionized negative charge appears at the interface. 
Further increasing this biasing takes the system to inversion conditions 
[Figure 3.8(d)], where minority carriers are highly concentrated at the 
interface with the oxide and are able to cross the oxide barrier in a 
significant number, being thus the conduction of the system supported 
by minority carriers.[3] 

In this structure, the conduction of carriers through the dielectric is 
possible despite its low conductivity because of its low thickness, 
causing large applied external electric fields with low voltages required. 
As well, increased temperature due to device operation and ambient 
conditions can also aid in the circulation of carriers. The analysis of the 
conduction mechanisms is typically performed in the accumulation 
regime, where the potential drop occurs in the dielectric (in depletion 
and inversion, part of the voltage drop takes place in the semiconductor 
and it would have to be considered). Since different mechanisms can 
occur simultaneously, knowing how to distinguish them is helpful for 
the optimization of the device performance. Conduction in these 
structures is divided into two types: electrode-limited and bulk-limited 

Flat band Accumulation
V < 0

Depletion
V > 0

Inversion
V >> 0

M O S(p)

M O S(p)

M O S(p)

M O S(p)

(a) (b)

(c) (d)

Figure 3.8. Energy band diagram of an ideal MOS structure with a p-type 
semiconductor in (a) flat band, (b) accumulation, (c) depletion and (d) 
inversion conditions. 
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mechanisms. A close inspection and analysis of current dependence on 
applied voltage, from the electrical characterization performed on a 
particular device, will shed light to the dominant charge transport 
mechanism at different each voltage range.[3–6] 

 Electrode-limited mechanisms 

These mechanisms are dependent on the electrode-dielectric 
interface, which controls the injection of carriers. Both the potential 
barrier height and the effective carrier mobility in the dielectric 
contribute to how carriers move through the interface and the dielectric. 
In addition, some mechanisms are also affected by temperature. Here 
they can be distinguished: (1) Schottky or thermionic emission, (2) 
direct tunneling, (3) Fowler-Nordheim tunneling, and (4) trap-assisted 
tunneling. Figure 3.9 summarizes these transport mechanisms. 

• Schottky or thermionic emission 

In this conduction mechanism, electrons obtain enough thermal 
energy to surpass the energy barrier at the interface and be easily 
injected into the dielectric. Due to image force of the electrons leaving 
the metal, the actual barrier is lowered in what is called the Schottky 
effect. This is described by: 

 𝐽𝐽𝑆𝑆𝑐𝑐ℎ(𝑇𝑇,𝐸𝐸) = 4𝜋𝜋𝑞𝑞𝑚𝑚∗

ℎ3
(𝑘𝑘𝐵𝐵𝑇𝑇)2𝑒𝑒�

−𝑞𝑞�𝜙𝜙𝐵𝐵−�𝑞𝑞𝑞𝑞 4𝜋𝜋𝜀𝜀𝑟𝑟𝜀𝜀0⁄ �
𝑘𝑘𝐵𝐵𝑇𝑇

� , (3.4) 

Schottky emission

Fowler-Nordheim (at high V)
Direct tunneling
Trap-assisted tunneling

𝑞𝑞𝜙𝐵
𝑞𝑞𝜙𝑇𝑇

𝑑𝑑

Figure 3.9. Representation of the energy band diagram of electrode-limited 
charge transport mechanisms in a MOS structure. The energy barriers of the 
electrode-dielectric interface (qϕB) and the traps in the dielectric (qϕT) are also 
indicated. 
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where J is the current density, q is the electron charge, kB is the 
Boltzmann’s constant, m* is the effective electron mass in the dielectric, 
h is the Planck’s constant, T is the absolute temperature, qϕB is the 
Schottky barrier height, E is the electric field across the dielectric, εr is 
the dielectric constant, and ε0 is the permittivity of vacuum. 

• Direct tunneling 

According to quantum mechanics, once the electrons reach the 
electrode-barrier interface their associated wavefunction will penetrate 
the dielectric film, so that there is a non-zero probability of electrons 
existing at the other side. This effect is known as tunneling. In contrast 
with the Fowler-Nordheim mechanism (see below), in the case of direct 
tunneling electrons see the full thickness of the dielectric they must 
tunnel through. Its expression is: 

 𝐽𝐽𝐷𝐷𝐷𝐷(𝐸𝐸) = 𝑞𝑞2

8𝜋𝜋ℎ�𝜙𝜙𝐵𝐵
1 2⁄ −(𝜙𝜙𝐵𝐵−𝑑𝑑𝑑𝑑)1 2⁄ �

2 𝐸𝐸2𝑒𝑒
�−8𝜋𝜋�2𝑞𝑞𝑚𝑚

∗

3ℎ𝑞𝑞 �𝜙𝜙𝐵𝐵
3 2⁄ −(𝜙𝜙𝐵𝐵−𝑑𝑑𝑑𝑑)3 2⁄ �� , (3.5) 

where d is the dielectric thickness. 

• Fowler-Nordheim tunneling 

If the thickness of the dielectric is too large, direct tunneling is highly 
difficulted. However, the potential barrier being lowered at high electric 
fields means that tunneling can take place through a triangular barrier, 
effectively reducing the thickness of the dielectric. The expression for 
this mechanism is: 

 𝐽𝐽𝐹𝐹𝑁𝑁(𝐸𝐸) = 𝑞𝑞3𝑑𝑑2

8𝜋𝜋ℎ𝑞𝑞𝜙𝜙𝐵𝐵
𝑒𝑒�

−8𝜋𝜋�2𝑞𝑞𝑚𝑚𝑇𝑇
∗ �

3ℎ𝑞𝑞 𝜙𝜙𝐵𝐵
3 2⁄ � , (3.6) 

where mT* is the effective mass of electrons due to the reduced dielectric 
thickness. 

• Trap-assisted tunneling 

In the case of defective dielectrics, electron tunneling takes place 
from an intra-band state created by the defects, acting as trapping sites. 
This reduces the length to be tunneled from the whole dielectric to the 
distance from the trap to the semiconductor, thus aiding the process: 

 𝐽𝐽𝐷𝐷𝐴𝐴𝐷𝐷(𝐸𝐸) = 𝑞𝑞𝑁𝑁𝑡𝑡
2𝜏𝜏
𝑒𝑒�−

8𝜋𝜋�2𝑞𝑞𝑚𝑚∗

3ℎ𝑞𝑞 𝜙𝜙𝑡𝑡
3 2⁄ � , (3.7) 
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where Nt is the density of traps, τ is the time between tunneling events 
(capture and emission times added together), and ϕt is the potential of 
the traps. 

 Bulk-limited mechanisms 

In these mechanisms, conduction is limited by the dielectric material 
properties, which induce the circulation of a lower number of electrons 
than those supplied by the electrode. It is highly dependent on the trap 
energy level in the dielectric, although other parameters such as 
density of traps, electron mobility and permittivity are also crucial. At 
low applied voltages all these mechanisms resemble an ohmic-like 
conduction, hence appearing their differences at higher electric fields. 
Three main mechanisms can be distinguished: (1) Poole-Frenkel 
conduction, (2) hopping conduction, (both represented in Figure 3.10) 
and (3) space-charge-limited current. 

• Poole-Frenkel conduction 

This process is similar to the Schottky emission, with the difference 
of occurring inside the dielectric instead of at the electrode-dielectric 
interface. In this case, the electrons need to overcome the energy barrier 
of the traps to reach the conduction band. While moving across the 
dielectric, carrier trapping and de-trapping processes occur until the 
semiconductor is reached. The applied electric field reduces the energy 
required for de-trapping. This conduction is modelled by: 

𝑑𝑑

𝑞𝑞

𝑞𝑞𝜙𝑇𝑇 Poole-Frenkel conduction

Hopping conduction

Figure 3.10. Representation of the energy band diagram of Poole-Frenkel 
and hopping conduction mechanisms in a MOS structure. The energy barrier 
of the traps in the dielectric (qϕT) and mean hopping distance (a) are also 
indicated. 
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 𝐽𝐽𝑃𝑃𝐹𝐹(𝑇𝑇,𝐸𝐸) = 𝑞𝑞𝑞𝑞𝑁𝑁𝑁𝑁𝐸𝐸𝑒𝑒
�−

𝜙𝜙𝑡𝑡−�𝑞𝑞3𝑞𝑞 (𝜋𝜋𝜀𝜀𝑟𝑟𝜀𝜀0)�

𝑘𝑘𝐵𝐵𝑇𝑇
�

 , (3.9) 

where µ is the electronic drift mobility and NC is the density of states of 
the conduction band. 

• Hopping conduction 

In parallel with the existence of a tunneling effect in the electrode-
limited mechanisms, tunneling may also take place between trap levels, 
allowing electrons to jump or “hop” between sites within the dielectric. 
In this case, electrons cannot acquire enough thermal energy to 
overcome the potential barrier. This is expressed by: 

 𝐽𝐽𝐻𝐻(𝑇𝑇,𝐸𝐸) = 𝑞𝑞𝑞𝑞𝑍𝑍𝑞𝑞𝑒𝑒�
𝑞𝑞𝑞𝑞𝑞𝑞−𝑞𝑞𝑞𝑞
𝑘𝑘𝐵𝐵𝑇𝑇

� , (3.10) 

where a is the mean hopping distance, n is the concentration of 
electrons in the conduction band of the dielectric, ν is the frequency of 
thermal vibration of the electrons at the trapping sites, and Ea is the 
activation energy (energy difference between the trap states to the 
bottom of the conduction band). 

• Space-charge-limited conduction 

When the number of injected electrons is higher than those that can 
move through the dielectric, charge accumulates and creates an 
additional barrier. At low voltage (V < VTR), injected electrons are fewer 
than the thermally-generated free electrons (n0) inside the dielectric. In 
addition, injected electrons require a longer time to travel through it 
than to be relaxed. Consequently, an ohmic conduction is observed. 
Once the voltage is higher than the transition value (VTR < V < VTFL) to 
reduce transit time below the relaxation time, electrons move through 
the dielectric with the limitation of the traps. Above the trap-filled-limit 
(V > VTFL), all traps are essentially filled and the electrons accumulate 
in the dielectric, which creates a spatially distributed charge that 
further limits the injection. To describe this mechanism, the following 
equations are used: 

 𝐽𝐽𝑂𝑂ℎ𝑚𝑚 = 𝑞𝑞𝑍𝑍0𝑞𝑞
𝑒𝑒
𝑑𝑑

, for 𝑒𝑒 < 𝑒𝑒𝐷𝐷𝑇𝑇 , (3.11) 

 𝐽𝐽𝐷𝐷𝐹𝐹𝑇𝑇 = 9
8
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where gn is the degeneracy of the energy states in the conduction band. 

3.3.2.2. Electroluminescence 

To characterize the emission of light emitting devices, two different 
electroluminescent measurements are performed, employing the 
experimental setup described in the previous section. Instead of using 
the oculars, the microscope optical path is switched to a mirror that 
collects the light and sends it to the measuring system. A 
representation of this setup with the different measuring systems 
(explained below) is presented in Figure 3.11. 

The first step is measuring the integrated EL, which requires the 
usage of a Hamamatsu R928 GaAs photomultiplier tube (PMT) to 
collect all the light in the wavelength range from 300 to 900 nm. A script 
controls the voltage and current applied to the devices through the 
Agilent system and records their values together with the EL emission. 
With this data, an electrical threshold for emission can be obtained. In 
addition, the analysis of the EL-I relation gives information on the 
excitation mechanism and the efficiency of emission. 

Afterwards, the spectral distribution of this EL emission is acquired. 
For this, the PMT detector is substituted by a monochromator coupled 
to a liquid nitrogen-cooled CCD camera. The Agilent system is used in 
this case to excite the devices with constant current [over the threshold 
previously obtained and checking that voltage values are as expected 

PMTMultimeter
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(Control/Record)

Monochromator
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B1500A
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station

Electrical 
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Figure 3.11. Scheme of the measurement setup for electrical 
measurements and EL, with the option for PMT or CCD characterization. 
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from I(V) measurements], while the emission of the devices is collected 
and integrated usually for 30 s. When light reaches the CCD camera, it 
is separated in wavelength and thus the spectrum of emission can be 
recorded. With the spectrum, the different luminescent centers present 
in the device can be distinguished and quantified, and their intensity 
ratio and purity can be determined. 

3.3.2.3. Photovoltaic characterization 

The other kind of devices studied in this Doctoral Thesis correspond 
to solar cells or photovoltaic devices, that is, devices composed of 
semiconductor materials that absorb light and generate charge carriers 
(electron-hole pairs), which can be extracted from the device. This yields 
an electrical current as a result. 

The experimental setup for these measurements is included in a 
Bentham PVE300 commercial system. This system comprises a box that 
is closed during measurements, to avoid external light interferences, 
with two light sources and an electrical measuring system. The first 
light source is a solar simulator class B, whose irradiance matches that 
of the Sun at sea level (1 kW m-2), although atmospheric absorption 
bands are not simulated. The other light source is comprised of two 
lamps (Xenon and quartz) that are used at different measuring 
wavelengths after going through a monochromator. The electrical 
system is formed by two probes and a conducting chuck where the 
devices are placed and fixed via vacuum. The probes are connected to 
an Agilent B1500A with two medium-power SMUs outside the box. 

Using the Agilent system, an I(V) curve is measured at small voltage 
steps in a small range close to 0 V, with and without the solar light 
being applied to the device. The difference in the curves obtained in 
dark and under light exposure allows determining important 
parameters such as photocurrent and photoconductivity, open-circuit 
voltage, short-circuit current, point of maximum efficiency, and fill-
factor of the photovoltaic structure under study. 

Last, employing the monochromated light sources, the spectral 
response (SR) and quantum efficiency of the devices can also be 
evaluated. In this case, the device is forced to constant 0 V (or the point 
of maximum efficiency) by the external electric circuit while incident 
light wavelength is swept in a proper range, and the extracted current 
at each wavelength is monitored. The value directly measured is the 
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spectral response (in A/W), that is, the ratio of generated current per 
incident optical power at each wavelength. Only light of energies above 
the band gap of the absorbing semiconductor can be absorbed. 

The photovoltaic process requires light absorption and carrier 
extraction before recombination to be completed. In this sense, 
quantum efficiency (%) can be referred to two concepts: external or 
internal quantum efficiency (EQE or IQE, respectively). Both indicate 
the ratio of carriers collected per number of photons, but EQE considers 
all photons that irradiate the device (both the transmitted, absorbed 
and reflected ones) and IQE only those that are absorbed. 
Consequently, IQE is always larger than EQE in the visible range. As 
the number of carriers that are recombined before extraction is difficult 
to calculate, the IQE is usually calculated from the EQE using the 
device absorptance (A), following: 

 𝑑𝑑𝐼𝐼𝐸𝐸 = 𝑑𝑑𝑄𝑄𝑑𝑑
𝐴𝐴

= 𝑑𝑑𝑄𝑄𝑑𝑑
1−𝐷𝐷−𝑇𝑇

 , (3.20) 

It should be noted that usually devices are opaque and thus there is 
no transmission (T = 0). In addition, EQE can be estimated from the 
spectral response by calculating the number of photons irradiating at 
each wavelength from their energy, following: 

 𝐸𝐸𝐼𝐼𝐸𝐸(𝜆𝜆) = 𝑆𝑆𝑆𝑆(𝜆𝜆) · ℎ𝑐𝑐
𝑞𝑞𝑞𝑞

= 𝑆𝑆𝑆𝑆(𝜆𝜆) · 1239.5 [𝑒𝑒𝑒𝑒·𝑛𝑛𝑚𝑚]
𝑞𝑞 [𝑛𝑛𝑚𝑚]  , (3.21) 
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4. Electroluminescence of 
Rare Earth containing 

devices 
In this Chapter, light emitting devices containing rare earth ions as 

optically-active dopants are presented. These ions constitute the perfect 
platform to understand the basic requirements and modelling of MOS-
structured light emitting devices, since they exhibit a narrow emission 
in different parts of the spectrum. The work in this Doctoral Thesis has 
focused on three elements: europium, terbium and cerium. Their visible 
light emission matches the three colors required for an RGB light 
emitting device; red from Eu, green from Tb and blue from Ce; making 
them also great candidate materials for future displays that combine 
different intensities of these three colors to produce others.  

As exposed in Section 2.2.3. Rare Earth electronic transitions, these 
elements are optically active when in a trivalent state. However, they 
can form different stable oxides when forming clusters, losing their 
narrow emission properties. For this reason, it is crucial to limit the 
amount of dopant in the devices to homogenously distribute these atoms 
throughout the host matrix. Indeed, this limitation on the dopant 
concentration has been achieved in this Doctoral Thesis via co-
deposition and delta doping. The work can be separated into two blocks, 
differentiated by both the doping process and the host matrix of the rare 
earth ions: ZnO and Al/SiO2. 

4.1. Rare earth-doped ZnO 

ZnO has long been considered an adequate material for hosting 
optically active elements. Zinc oxide is a wide band gap semiconductor 
(3.4 eV), meaning that it is transparent to visible light, as well as easier 
to process than other semiconductors that are more expensive and 
hazardous. For these reasons, it has been studied as an alternative for 
the fabrication of rare earth-containing light emitting devices. 



Electroluminescence of Rare Earth containing devices 

70 

 In this work, doping is done via co-deposition of the host material 
and the rare earth element desired. The process is thus simplified, as 
only one layer is required to be fabricated, allowing for a better control 
over deposition when compared to the deposition of consecutive thin 
layers (see delta doping in Section 4.2. Electroluminescence from 
multilayered Al/Tb/AlSiO2). In addition, this method results in a 
higher homogeneity of the deposited films. 

Aiming at attaining RGB light emitting devices, samples and device 
structures of ZnO doped with Eu, Tb and Ce were fabricated at the 
Center of Research on Ions, Materials and Photonics (CIMAP), at the 
University of Caen Normandy (UNICAEN), using RF sputtering. The 
deposition of the doped-ZnO was carried out by positioning pellets of 
the desired rare earths on top of the ZnO target. The device structures 
for LEDs were finalized with the deposition of circular ZnO contacts on 
top of the active layer via ALD deposition and a common bottom contact 
of Al deposited via electron beam evaporation. 

4.1.1. The effect of high temperature annealing 

Both the emissions of Tb3+ and Eu3+ had been independently reported 
previously,[1,2] as well as the energy transfer taking place in Tb and Eu 
co-doped ZnO.[3] Nevertheless, these works lacked an in-depth analysis 
of the effect of the high-temperature annealing process, and thus a 
careful investigation of the changes in the microstructure, and how this 
affected the luminescence, was still required. 

The first approach to these devices studied the effect of the annealing 
after deposition on the microstructure of Tb and Eu co-doped ZnO layer, 
playing attention to the role of all elements, including the Si from the 
substrate. Thermal treatments were done from 700 °C to 1100 °C in N2 
atmosphere for 1 h using 150-nm thick samples. One additional sample 
with the conditions presenting the best PL emission and structure was 
finalized into an EL device and electro-optically characterized, reducing 
the thickness of the active layer to 65 nm. 

A combined structural and compositional characterization in the 
form X-ray diffraction (XRD), transmission electron microscopy (TEM) 
and energy-dispersive X-ray spectroscopy (EDX) reveals that the matrix 
does not maintain a ZnO structure with all annealing treatments. As 
deposited samples present a ZnO diffraction pattern showing a 
distorted lattice and small grain sizes. At 700 °C, the rare earth 
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elements segregate through the grain boundaries to the bottom, close 
to the silica layer naturally present on top of the Si substrate. At 900 
°C, Zn2SiO4 silicate crystallizes at the bottom, being the signals of ZnO 
lost; and TbxEuySivOw apatite grains start to appear towards the top. 
Above 900 °C, Zn evaporates from the samples, favoring the formation 
of silica in the matrix and the increase in size of the apatite crystals, 
reaching the size of the whole layer thickness. These two materials are 
the only detected at 1100 °C. 

Photoluminescence measurements performed with different 
excitation wavelengths on samples annealed at different temperatures 
reveal the luminescent behavior of the rare earth ions. First, for high 
energy excitation (266 nm) resonant with the ZnO conduction band, the 
ZnO band-to-band emission is present. This emission disappears with 
increasing annealing temperature as ZnO is lost. For low temperatures, 
Tb3+ emission is visible but not that of Eu3+, consistent with the evenly 
distributed ions in the matrix and the easier excitation of Tb from ZnO 
than Eu. As temperature increases, the diffusion of rare earth ions 
reduces the emission of Tb3+ due to the proximity between ions, 
resulting in non-radiative recombination processes (cross-talking). In 
contrast, the formation of the apatite grains favors the emission of Eu3+, 
in addition to improving the energy transfer of Tb3+ to Eu3+ and 
reducing the visible radiation of Tb3+ available for collection. The direct 
excitation of Eu3+ ions by using a 532 nm shows that they are optically 
active starting at 800 °C, improving their emission as temperature 
increases with the ZnO quality first and with the increase in size of the 
apatite grains later. Last, a direct excitation of Tb3+ using 488 nm for a 
sample annealed at 1100 °C remarks the process of energy transfer to 
Eu3+ since no emission from Tb3+ ions can be detected whereas Eu3+ 
emission remains visible. 

Following these observations, a light emitting device has been 
fabricated with layers annealed at 700 °C, as the uniform distribution 
of the rare earth ions and the presence of a thin silica layer could be 
beneficial for the operation of these devices. Indeed, the 
electroluminescence from both ions can be detected and the emission is 
visible to the naked eye. The analysis of this and other similar devices 
was completed in Paper II. 

This work was presented as a poster in the European Materials 
Research Society (EMRS) Fall Meeting 2019. A journal article was 
published in Applied Surface Science 556, 149754 (2021). 
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Paper I: Influence of post annealing treatments on the 
luminescence of rare earth ions in ZnO:Tb,Eu/Si heterojunction 
(DOI: 10.1016/j.apsusc.2021.149754) 
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4.1.2. Devices for RGB electroluminescence 

Once the best deposition conditions for the active layer had been 
determined, light emitting devices were fabricated. To this end, a 60-
nm nominal thickness layer of rare earth doped-ZnO was used for all 
devices. With the aim of obtaining RGB and white emitting devices, a 
total of four devices were fabricated: 

 ZnO doped with cerium, for blue emission. 
 ZnO doped with terbium, for green emission. 
 ZnO doped with terbium and europium for red emission. 
 A three-layer stack of the previous three, 20-nm-thick each. 

These layers were annealed at 700 °C in N2 ambient for 1h. This 
would produce the best expected layers for electroluminescent devices, 
as indicated by the previous work, in terms of structure and optimized 
emission from the RE ions. The device structure was finalized by 
depositing Al as a common bottom contact on the back of the n-type Si 
substrate and circular-patterned ZnO deposited via ALD as top 
electrode. It is important to comment on the order of the three-stack 
layer: since the expected blue emission from Ce3+ is sufficiently 
energetic to be absorbed by Tb3+ and green emission from Tb3+ is 
absorbed by Eu3+, the Ce-doped layer was deposited closer to the top 
transparent electrode and the Eu-doped layer at the bottom. 

A quick test allowed determining that better EL emission was 
obtained when layers were deposited on top of n-type Si, in contrast to 
the same structures analyzed on p-type Si, as it can be seen in Figure 
4.1. Both hot electrons and holes are capable of impact excitation of RE 
ions.[4] However, ZnO as the host material is n-type due to intrinsic 
defects and thus allows for good mobility of electrons. With electrons 
being majority carriers in n-type Si, it is easier to inject them from this 
substrate to ZnO than from p-type Si, with holes as majority carriers. 
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Transmission electron microscopy of the three-layered device shows 
a polycrystalline ZnO film with a thin layer of SiOx at the interface with 
the Si substrate, intentionally left for using as an electron accelerating 
layer. From EDX measurements, rare earth elements appear evenly 
distributed through their corresponding layers, except for the Eu-, Tb-
co-doped layer where the dopants accumulate near the substrate, in 
agreement with the observations of the previous work for the employed 
annealing temperature. 

The samples were first electrically characterized and modelled. 
Current-voltage measurements showed a clear rectification, as 
expected from a heterojunction. The data were fitted to find three 
regions of charge transport in accumulation conditions: (i) carrier 
extraction from ZnO inter-band traps and defects, (ii) a trap-assisted 
conduction through the traps, and (iii) Fowler-Nordheim tunneling. A 
detailed model of the energy band diagram at each device state was 
elaborated and applied to calculate the minimum voltage for FN onset 
for the four devices, in very good agreement with the data. 

Figure 4.1. EL emission from the doped-ZnO devices under study, 
comparing the effect of the Si substrate doping. (left) Tb-doped ZnO, 
(right) Eu-doped ZnO. (top) Devices on n-type Si, (bottom) devices on p-
type Si. 
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The electroluminescence emission from the devices was visible by the 
naked eye, as it can be seen in the images of Figure 4.2. The current 
threshold for emission was measured for all devices, and their efficiency 
was compared. The emission current threshold correlates well with the 
onset voltage for FN tunneling, meaning that it is in this regime where 
electrons have enough energy to excite the rare earth ions via impact 
excitation. The spectral analysis of the emission clearly yielded the 
emission peaks corresponding to Tb3+ and Eu3+ electronic transitions for 
the samples doped with Tb and Eu/Tb, respectively. For the latter, 
whereas Eu3+ emission is dominant, the emission of Tb3+ could also be 
detected. The sample doped with Ce showed two low-intensity broad 
emissions. The first one centered at ~500 nm probably corresponds to 
Ce3+ transitions, whereas the second at ~650 nm corresponds to ZnO 
defects. This fact can be explained by the clustering of Ce ions, attaining 
a Ce4+ electronic configuration which increases the probability of non-
radiative recombination, while inducing more defects in ZnO due to an 
increase of oxygen vacancies. The three-layer stack shows the emission 
peaks of Tb3+ and Eu3+, in agreement with the emission of the single-
layered devices, demonstrating the viability of the structure for a white 
emitting device by combination of the various RE ions. The spectra were 
positioned in a CIE 1931 chromatic diagram, shedding light on the poor 
emission of Ce3+ and the color combination of the three single-layer 
devices into one. 

This work was presented as a talk in the European Materials 
Research Society (EMRS) Spring Meeting 2020. A journal article was 
published in Nanotechnology 31, 465207 (2020).

Figure 4.2. Images of the four 
RE-doped ZnO devices. Dopants, 
from left to right, and from top to 
bottom: Ce, Tb, Tb/Eu and the 
three-layer stack. 
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4.2. Electroluminescence from multilayered 
Al/Tb/Al/SiO2 

Silicon oxide has proven to be an excellent host for rare earth ions 
due to its optical properties that makes it a transparent material. In 
addition, it being an excellent dielectric material can also help in the 
excitation of the rare earth ions in the matrix by accelerating the 
electrical carriers via tunneling effects. Its only drawback is the low 
solubility of the rare earth ions in the matrix, allowing the formation of 
clusters that lose the light emission properties of the ions.[5] 

With the aim of overcoming this limitation in mind, a previous study 
concluded that a delta doping approach can reduce cluster formation. 
In this fabrication method, very thin layers of the optically-active 
material and thicker layers of the host matrix are alternately deposited. 
Afterwards, an annealing treatment at high temperatures is employed 
to homogenize the structure. In addition, the inclusion of Al layers to 
the system also improved both the optical properties of the rare earth 
ions and the electrical properties of the system, which would be 
beneficial for electro-optical devices later fabricated.[6] 

The work hereby presented integrates the best device structure from 
those previously tested into a light emitting device structure: a 
multilayer of Al/Tb/Al/SiO2. The device has been fully deposited in the 
electron-beam evaporation system available in the cleanroom of the 
Faculty of Physics of the University of Barcelona. Its main active layers 
are formed by 5×Al/Tb/Al/SiO2 layers evaporated over a p-type Si wafer. 
The thickness of each layer was 0.8, 0.4 and 3 nm, respectively for Al, 
Tb and SiO2. The samples were annealed at 1100 °C in a N2 atmosphere 
for 1 h, also previously found to be the optimal procedure. After that, 
ITO circular electrodes were deposited on top of the multilayers and 
annealed at 600 °C in N2 for 1 h. Finally, the bottom of the Si wafer was 
metallized with Al to form a common bottom contact. 

A first characterization via transmission electron microscopy 
determined that the actual thickness of the SiO2 layers was of 5 nm, 
while the combination of the Al and Tb layers were 3-nm thick, 
indistinguishable with this technique. The aim was to deposit the 
thinnest layer possible of Tb, 0.4 nm. The real amount evaporated is 
probably higher (but not 1.5 times more), and thus the remaining 
thickness to the 3 nm measured is also due to extra Al. Composition of 
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the stack was analyzed via X-ray photoelectron spectroscopy (XPS), 
concluding that at least 45% of the Tb ions are in the form of Tb2O3 (Tb3+ 
valence) as desired. An additional sample with no Al layers showed that 
Tb ions are mainly bound to each other in clusters or to SiO2 dangling 
bonds, because under the assumption that SiO2 is stoichiometric no O 
should be available for Tb to form the oxide. 

Next, the emission of the layers was checked via three methods: 
cathodoluminescence (CL), resonant and non-resonant PL. The first 
technique uses a 2 keV beam of electrons to excite the structure, 
allowing for the observation of the main emission peak of Tb transitions 
at 544 nm (5D4 → 7F5) as well as others at 489, 587 and 624 nm (5D4 → 
7Fi, i = 6, 4 and 3, respectively) and with a lower intensity at 415 and 
437 nm (5D3 → 7Fj, j = 5, 4; respectively). Photoluminescence in resonant 
conditions employed a 488-nm laser line to excite the Tb3+ directly 
through the 5D4 → 7F6 transition, resulting in the emission of the lower 
energy peaks. Last, a He-Cd 325 nm emitting laser excited the sample 
in non-resonant conditions, via energy transfer from the matrix to the 
Tb ions, again obtaining the expected emission. These measurements 
confirmed that the ions are optically active with different efficiencies 
for their excitations. No emission was detected in samples with no Al, 
highlighting its importance in the structure. 

The electrical analysis of the device structure revealed a Schottky 
conduction mechanism. In addition, it was corroborated that devices 
containing Al layers are more resistive than those without them, as 
these layers are presumed to be oxidized and thus impose additional 
insulating barriers. Nevertheless, the modelling of both devices showed 
a minor contribution of these layers, since conduction is mainly limited 
by SiO2. Finally, the EL of the devices was measured. In agreement 
with previous observations, samples missing the Al layers showed no 
emission. A first measurement of integrated EL emission determined 
that a threshold of 8.5 V and 2 µA was required for emission to take 
place. The emission intensity dependence on the increasing current 
followed a linear trend, which pointed towards a direct impact 
excitation mechanism, as expected from the literature.[7,8] Spectrally 
resolving the emission allowed discriminating the expected peaks for 
Tb ions with a low-intensity broad-background emission provided by 
defects emission from either the SiO2 or the ITO contacts. The EL 
emission is compared to those obtained by CL and PL in Figure 4.3 
allowing to clearly distinguish the peaks corresponding to Tb3+ and to 
observe that EL yields wider signals, as it less efficient and thus 
transitions are less defined. 
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Interestingly, the first hint of resistive switching in SiO2 layers is 
also observed in these devices. Indeed, successive measurements of the 
EL showed a progressive reduction of the intensity (as it can be seen in 
the tracking of the intensity for the peak at 542 nm and the integrated 
emission in Figure 4.4), which could result in the total quenching of the 
emission. A monitorization of the electrical behavior under a constant 
applied current of 100 µA showed that after 30 s, both EL and voltage 
drop in steps until device breakdown. This fact is easily associated with 

Figure 4.3. CL, PL and EL normalized emissions of Al/Tb/Al/SiO2 devices, 
defining the emission peaks of Tb3+ as expected from their electronic 
transitions. 

Figure 4.4. Decay of EL intensity with measuring cycles for both the peak 
emission at 542 nm and the integrated. 



4.2. Electroluminescence from multilayered Al/Tb/Al/SiO2 

103 

the movement of oxygen ions in the devices, creating low-resistance 
conduction paths, both reducing the amount of optically-active Tb ions 
and avoiding their excitation. 

This work was presented as a poster in the European Materials 
Research Society (EMRS) Spring Meeting 2017. A proceedings paper 
was published in Physica Status Solidi A 215, 1700451 (2018). It was 
also selected as the cover picture of the journal for Vol. 215, Issue 3, 
published on February 7th, 2018. 
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4.2.1. Effect of Tb-doping on resistive switching 

Following the conclusion of the previous work, the resistive 
switching properties shown by the devices were also analyzed. By 
comparing the cycling of Al/SiO2 and Al/Tb/Al/SiO2 layers, the study 
focused on the effect of the Tb doping. The suggested hypothesis was 
that the Tb ions present in the sample could reduce the movement of O 
ions during the cycling, retaining them in the active layer instead of 
them being lost, and consequently leaving the device in a permanent 
LRS. Indeed, a small increase in the endurance of the devices was 
observed for the devices containing RE ions. Nevertheless, none of them 
surpassed 50 RS cycles, which is a very minimal requirement for 
potential memories. 

It was observed that the presence of Tb in the sample had three main 
effects (see Figure 4.5): (i) an accumulation of charge appears in cycles 
of the sample containing Tb, (ii) TbxOy clusters slowly release oxygen 
during the reset, giving rise to a step-like process in which these 
clusters are continuously reduced and oxidized, and (iii) the diffusion 
length of O2- ions is reduced with the presence of TbxOy clusters, 
meaning that a lower set voltage is required. Overall, an increase of two 
orders of magnitude in the resistance ratio between states was achieved 
in the sample containing Tb. 

(a) (b)

Figure 4.5. I(V) curves corresponding to resistive switching of (a) Al/SiO2 
and (b) Al-Tb/SiO2 samples. Three different cycles are plotted and numbered, 
where labels 1 and 2 correspond to forming cycles (black and red, respectively), 
and label 3 (blue) states for a representative cycle for the rest of the measured 
I(V) curves until breakdown. 
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Further analysis of the behavior of the devices is presented in Figure 
4.6, from where conclusions can be extracted. The conduction 
mechanisms for each state and device were also studied, finding a clear 
ohmic conduction governed the LRS in all cases, suggesting that CFs 
are formed by conductive Al and Si. In contrast, HRS seems governed 
by Schottky emission in both devices despite their difference in 
conductivity. This observation can be directly related to the presence of 
broken filaments in the sample, which act as tips for thermionic 
emission. It was also corroborated that the previously observed 
reduction in emission intensity also took place between RS cycles, which 
supports the previously explained theory of dielectric breakdown due to 
oxygen vacancies. 

This work on the resistive switching properties of Al/SiO2 devices 
doped with Tb was presented as a poster in the European Materials 
Research Society (EMRS) Spring Meeting 2018. 

  

(a) (b)

Figure 4.6. (a) I(V) curves in LRS and HRS from both Al/SiO2 and Al-
Tb/SiO2 NMLs, with the corresponding fittings of the conduction mechanisms. 
(b) Electroluminescence of Al-Tb/SiO2 samples measured between RS cycles in 
HRS. The reduction of intensity with each cycle suggests the formation of 
stronger CFs. 
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4.2.2. Replacement of Tb with Eu for red emission 

Last, as part of the objective of obtaining an RGB light emitting 
device structure, a first attempt at the fabrication of Eu-based light 
emitting devices was made. A multilayer stack of SiO2 and Eu layers 
following the delta doping approach was deposited via electron beam 
evaporation. The stack showed photoluminescence emission shown in 
Figure 4.7 corresponding to the expected electronic transitions of Eu3+, 
improving with the annealing temperature up to 700 °C where up to 5 
transitions were visible. The emission from this element exhibited a 
more intense background emission when compared to Tb, which can be 
attributed not only to SiO2 defects but also to the formation of EuO. 
Nevertheless, this is a good starting point towards the obtention of red-
emitting rare earth-doped SiO2 devices. 
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5. Resistive switching of 
ZnO 

Once light emitting devices have been studied, the next step is to 
analyze how resistive switching devices operate. These devices are 
composed of a simple MIM or MOS structure in which the intermediate 
layer can change its resistance via electrical operation. As a 
demonstrator, an ITO/ZnO/p-Si structure has been studied, aiming at a 
latter possible doping process with rare earth ions for combined 
electroluminescence emission. 

Zinc oxide is presented as a good candidate for resistive switching 
due to it being an oxide highly defective when deposited by many 
different processes. Under these conditions, the possibility of creating a 
network of oxygen ions that are free to diffuse through the layer, leaving 
behind vacancy-based conductive filaments, is enhanced. 

5.1. Resistive switching properties of 
ITO/ZnO/p-Si 

In addition to the above mentioned, the selection of ZnO as the active 
layer enables the creation of transparent devices, using a non-toxic and 
abundant material that has been explored for many other applications. 
As well, ITO has been selected as the top contact for being the most 
employed material as a transparent conductive oxide and because its 
composition avoids the diffusion of metals from the electrode to the 
active layer, which can occur with metallic electrodes.[1] If this were to 
happen, a combination of the valence change and electrochemical 
metallization mechanisms would probably take place, making the 
modelling of the results very difficult and speculative. In addition, ITO 
acts as a reservoir of oxygen, enhancing the cycling endurance.[2] 

Taking all of this into account, the fabricated devices consisted of 60 
nm of ZnO deposited via RF magnetron sputtering on top of p-Si wafers. 
An annealing process at 450 °C in Ar atmosphere was carried out for 1 
h, and afterwards the ITO top electrodes were deposited using 
photolithography patterning and electron beam evaporation, and 
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treated again at 200 °C for 1 h in air. The bottom of the Si wafers was 
metallized with Al, forming a common bottom ground contact for all 
devices. The structure was analyzed via TEM imaging, included in 
Figure 5.1, finding that ZnO had a polycrystalline structure and that a 
native thin SiO2 layer remained at the interface with the Si wafer. 
Through EDX, the composition of ZnO was found to contain 46 at.% of 
O and 54 at.% of Zn, being thus the layer defective in O as expected. 
This gives the film a characteristic n-type intrinsic doping. 

Raman analysis of the devices further demonstrates the high 
crystallinity of the ZnO layer. As seen in Figure 5.2, up to fifth order of 
the A1 (LO) mode at 573 cm-1 can be seen.[3] In addition, analysis of 
highly stressed ZnO RS devices shows that the high crystallinity is 
maintained and only above the third order the intensity  slightly decays, 
owing to a modification of the structure of nanosized dimensions.  

These devices require an electroforming step to break the active ZnO 
layer for the first time and create the CFs for the RS cycling. For this 
process, an I(V) curve up to ~13 V is required, together with a current 
compliance of 5 mA. This creates a set of strong CFs throughout the 
device, allowing for successive cycling in a voltage range of ±1 V, with 
no needed compliance and with set and reset processes taking place at 
0.4 and –0.4 V, respectively. A total of 100 uninterrupted cycles were 
performed under these conditions, exhibiting 5 orders of magnitude of 
resistance difference between the two resistance states. 

After corroborating the operability of the devices, an endurance test 
was carried out. Using voltage pulses, a routine of set, read, reset and 
read operations was set up using 2, –0.2, –1 and –0.2 V, respectively. 
The device withstood a total of 1000 continuous cycles under these 
conditions, showing only 5 switching errors and a high stability of the 
states reached. 

Figure 5.1. (a) Device structure for the ITO/ZnO/p-Si devices under study. 
(b) Cross section TEM image identifying the layers. (c) Zoom-in at the ZnO 
region, evidencing the polycrystalline nature of the layer. 
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Last, a modelling of the resistive switching mechanism was 
performed analyzing the charge transport at each state. In the pristine 
state, no CFs are present in the active layer and thus the ZnO behaves 
as a low conductive semiconductor, being the conduction possible 
through tunneling processes between traps (TAT). In the LRS with CFs 
completely formed, a space charge-limited conduction (SCLC) can be 
clearly identified. Finally, in HRS, with part of the CFs dissolved, the 
ZnO acts once again as a barrier, resulting in a TAT process that evolves 
to a Fowler-Nordheim (FN) tunneling at higher voltages. 

Under these conditions, and assuming that the part of the filaments 
that are re-oxidized in the HRS recover the composition of the pristine 
film, different parameters were calculated. First, using the pristine and 
LRS mechanisms, it was determined that conduction in the LRS takes 
place only in an equivalent area of 1.4×10-10 cm2, very low when 
compared to the total device area of 2.1×10-3 cm2 defined by the top ITO 
contact. With CFs in ZnO devices typically having a diameter between 
10 and 50 nm,[4] around 20 different paths are forming the network of 
CFs. Secondly, the trap-assisted tunneling presented in both the 
pristine and HRS states can be employed to first calculate the energy of 
the traps and then estimate the thickness of the ZnO gap, that is, the 

Figure 5.2. Raman analysis of a pristine and a RS cycled device. The A1 
(LO) mode is detected up to the fifth order and intensity is only slightly lower 
for the stressed devices. 
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length of the CFs re-oxidated in the reset process, resulting in 9 nm. 
This is in good accordance with the total thickness of the active layer, 
the increased conductivity of the HRS compared to the pristine state, 
and the possibility of FN tunneling when in HRS. This analysis was 
extended to a large number of cycles and devices. As shown in Figure 
5.3, 92 % of HRS curves are very similar and the analysis of their CF 
gap corresponds to the 9 ± 1 nm size obtained. Overall, this study clearly 
suggests that ZnO is a great candidate for high-endurance resistive 
switching devices. 

This work was presented as a talk in the European Materials 
Research Society (EMRS) Spring Meeting 2018. A journal article was 
published in Applied Surface Science 556, 149754 (2021). 

 

Figure 5.3. Reliability of ZnO RS devices. Inset shows HRS curves from 
different cycles and devices, concluding that 92 % of them lie within the upper 
and lower limits set. 
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5.1.1. Effect of terbium doping 

Once the resistive switching properties of the base structure had 
been stablished, the next step involved the doping of the active ZnO 
layer with rare earth ions. This in theory could make possible the 
simultaneous light emission and resistive switching properties in a 
single device; indeed, in a single active layer. 

  Bearing this objective in mind, an analogous structure to that of 
section 5.1. Resistive switching properties of ITO/ZnO/p-Si was 
deposited, introducing Tb as a doping rare earth species. Indeed, the 
combination of ZnO and Tb3+ ions for green electroluminescence has 
already been demonstrated in the previous Chapter 4. 
Electroluminescence of Rare Earth containing devices. Terbium was 
included in the structure by positioning pellets of Tb4O7 on top of the 
ZnO sputtering target. 

Unfortunately, whereas the resistive switching of ZnO presented 
before required voltage sweeps between –2 and 1 V, this low-voltage 
cycling was not always achieved, being only possible the cycling when 
between –4 and 10 V. The electroforming process employed is key for 
obtaining one operational state or the other in these devices, but in the 
case of the Tb-doped structures, low-voltage cycling was never achieved. 
As concluded in the previous chapter, Tb3+ ions help in the cycling 
process by oxidizing and reducing, maintaining the network of oxygen 
ions readily available for the reset operation. This means that whenever 
a reset is to happen, it cannot be controlled to a very small portion of 
the filaments as oxygen is well distributed in the layer. 

Resistive switching cycles are presented for these devices in Figure 
5.4. As expected from cycling with Tb in the active layer, the overall 
endurance of the devices increased, as O is kept in the active layer and 
reset process can continue to occur for longer. When comparing voltage 
values, both structures need similar forming and reset voltages, being 
the set achieved at almost half the required voltage in the doped 
structure than in the undoped one. Additionally, less dispersion and a 
higher resistance ratio between HRS and LRS can be observed for doped 
devices, as I(V) curves tend to follow always similar paths. In the case 
of doped devices, LRS is more conductive and HRS is more resistive 
than in the undoped ones. This trend is also replicated when pulsed 
cycling is analyzed for both devices. 
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For a combined measurement of both light emission and resistive 
switching cycling, the light emitted by the devices was integrated and 
collected over the range of 185 to 850 nm while simultaneously 
performing an I(V) cycle. As it can be seen in Figure 5.5(a), light 
emission is obtained when the device is in the LRS, with a threshold for 
emission of ~10–5 A. No emission is observed while the device is in HRS. 
A peak of emission takes place when a set or reset process occurs, in 
correspondence with the sudden change in the current circulating 
through the device at that time. 

Spectrally resolving this emission, the origin of the luminescence is 
revealed. For this, a continuous voltage measurement at each state is 
performed, while monitoring the current to avoid that a resistance 
change affects the analysis. No EL is observed when measuring the 
HRS, in accordance with the previous observation [Figure 5.5(b)]. 
Different measurements in the LRS have led to the same result: a wide 
emission through the visible and part of the infrared centered around 
~640 nm. This contrasts with the expected narrow emission of Tb3+ ions, 
meaning that the latter are not active under these conditions. Instead, 
this emission clearly corresponds to that of defective ZnO. Indeed, the 

(a) (b)

(c) (d)

Figure 5.4. (a, b) High voltage RS I(V) curves of ZnO based devices. (c, d) 
Pulsed cycling of the same devices. (a, c) Undoped devices, (b, d) doped 
devices. 
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presence of CFs when in the LRS, where EL emission exists, means that 
current circulates through O-defective ZnO paths. In addition, these 
CFs probably avoid most of the Tb3+ ions, and consequently these ions 
are not excited. In HRS, the electrons circulating have a very low energy 
that, again, is not enough to excite Tb. 

Results from this work are promising, showing once again that 
combined emission and resistive switching is possible. Nevertheless, 
the expected luminescent centers are not activated with the cycling. For 
this reason, other studies on the same effect were carried out with other 
luminescent species, Si NCs, which will be addressed in Chapter 6. 
Combined properties in Si NCs-containing devices. 

This work has been presented as a poster in the European Materials 
Research Society (EMRS) Spring Meeting 2019.  

(a) (b)

Figure 5.5. (a) Simultaneous monitoring of the I(V) cycle and the EL 
emission during a resistive switching cycle of a ZnO device doped with Tb. (b) 
EL emission spectrally resolved for HRS and LRS. Color circles on the left 
image serve as guide for the measurement conditions on the right. 
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5.2. Electroforming under incident light 

The last study performed with these ZnO-based structures allowed 
the observation of a useful phenomenon when these transparent devices 
are exposed to light during the electroforming process. Under light 
incidence, a progressive formation of CFs can be achieved, thus making 
the LRS desired for operation of the devices more controllable. This 
means that the devices can work between two states that not 
necessarily have to be the same for all devices but rather having the 
LRS selected within a range. 

Under illumination with a 532-nm Nd:YAG laser, different devices 
were submitted to an I(V) curve with increasing stop voltage, from 2 V 
to 7 V, in steps of 1 V. In none of the cases a complete electroforming 
process, signaled by an abrupt change in current, took place. As a 
reference, this change occurs at 14 V for a pristine device in dark 
conditions. A control set of measurements in the same voltage range 
and in dark conditions, maintained the line-shape of a typical device 
brought to the 14-V electroforming process. This allows identifying an 
increase in current of up to 5 orders of magnitude when under 
illumination, correspondent to photogenerated electrons injected into 
ZnO. 

The relevance of these different performed cycles lies in the 
aftermath. Indeed, if after the illuminated cycle, another I(V) 
measurement is done in the same voltage range in dark conditions, the 
observed conduction state will be different for all devices. All of them 
will have a higher conduction than the control device only cycled in 
dark, and the conductivity will increase with the stop voltage. 

In addition, different charge transport mechanisms can be 
distinguished depending on the stop voltage. The three lowest stop-
voltage curves maintain a highly pristine-like behavior, thus being the 
conduction limited by a Schottky barrier that is progressively reduced 
as the CFs grow. Conversely, the two highest stop-voltage curves 
correspond to a space-charge limited-current (SCLC) mechanism, in 
agreement with that found previously (Section 5.1. Resistive switching 
properties of ITO/ZnO/p-Si) for fully-formed CFs. 

Last, the increase of CFs formation with voltage has also been 
demonstrated under pulsed conditions (Figure 5.6). Similar to the I(V) 
curves, different devices were submitted to a train of 10 write and read 
pulses with different write values in the range of 1 V to 10 V, all while 



5.2. Electroforming under incident light 

131 

under illumination. A control device was submitted to the same pulses 
in dark conditions. The recorded read current averages showed that, in 
dark conditions, the device maintained the initial state up to 9 V, only 
performing the electroforming process when the 10-V pulses were 
reached. In contrast, devices under illumination deviated from the 
initial state starting at 5 V and reached the LRS at 8 V. Between these 
two values, increasing read currents showed the presence of 
intermediate resistance states.  

This work corroborates that a combination of applied electric field 
and circulating current are responsible for the electroforming process, 
and by extension the set and reset processes. Even if the creation of CFs 
during the electroforming process is abrupt when only a high voltage 
applied is possible (low current circulation in the pristine state), the 
contribution of additional current (e.g., due to photogenerated carriers) 
can lead to a change in its dynamics, paving the way for other operation 
modes within the same devices. These results clearly identify the 
usefulness of light-exposed transparent resistive switching devices, 
allowing for the initial selection of the device operation conditions. 

This work has been presented as a poster in the European Materials 
Research Society (EMRS) Spring Meeting 2019 and the 2019 Annual 
Meeting of the Institute of Nanoscience and Nanotechnology of the UB 
(IN2UB); and as a talk in the European Materials Research Society 
(EMRS) Fall Meeting 2019. A journal article was published in Applied 
Physics Letters 115, 261104 (2019). 

Figure 5.6. Read values of 10 pulsed voltage cycles for electroforming of 
ZnO-based RS devices. When done under illumination, intermediate resistance 
states appear at 5–7 V. 
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6.Combined properties 
in Si NC-containing 

devices 
After the promising results found with ZnO as the base material for 

combined resistive switching properties with light interaction, a second 
platform was tested. Indeed, while the first yielded good results, these 
were far from being completely applicable to devices, as light emission 
was poor and not from the expected luminescent centers (ZnO defects 
instead of rare earth dopants) and light absorption only significantly 
influenced the electroforming process. 

To analyze all the possibilities that offer the combination of these 
different applications, the new base active layer selected was SiO2 with 
embedded Si NCs. Resistive switching of SiOx had already been 
proven,[1] whilst the resistive switching of SiO2 was complicated, as it 
presents a high bonding energy that difficult the liberation of O2– ions 
to create the required vacancies. 

Hence, with this screening of the available options for an already 
CMOS-compatible material, the inclusion of Si NCs hypothetically 
solved two issues at once. First, the presence of Si NCs would introduce 
defective SiOx regions in the surrounding areas to the NCs where the 
resistive switching process could begin and propagate throughout the 
layer. Second, Si NCs show both light emission and absorption 
properties, thus no other optically active centers would be required. 

The devices for these experiments were fabricated via PECVD in 
collaboration with the IMTEK at the University of Freiburg, where the 
growth of Si NCs by the multilayer approach was first reported.[2,3] 
Although only one type of device has been employed for this research, a 
total of sixteen different structures were investigated mainly due to the 
poor (or lack of) resistive switching effect (only four of them exhibited 
it). The difference between the structures lay in the presence of 
different interlayers and their thickness, whereas parameters like layer 
composition or required annealing temperature for Si NCs formation 
were already well-known.[4,5] 
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In addition, the fabrication of Si NCs following the multilayer 
approach was also tried out via electron beam evaporation in the 
cleanroom facilities of the University of Barcelona, in contrast to 
chemical-vapor deposition used at IMTEK. This would provide a second 
source of samples should it be required. 

6.1. Si NCs embedded in SiO2 by electron 
beam evaporation 

Since first reported, the fabrication of Si NCs by the multilayer 
approach has been proven by different techniques, including electron 
beam evaporation.[6] This work presents the fabrication of Si NCs 
within the same evaporation system using SiO2 and Si targets, the 
latter being evaporated in an O2 atmosphere. 

The first analysis performed via XPS demonstrated the composition 
of both intended layers of the multilayer system. The obtained SiO2 
layer results in a stoichiometry close to that of pure SiO2, with 34 at.% 
of Si and 66 at.% of O. The deconvolution of the peaks indicated the 
existence of Si4+, Si3+, Si2+, and Si1+, but no Si0. Furthermore, only one 
peak corresponding to the Si-O bonding was found for O. In contrast, 
when analyzing the SRO layer, Si0 is present together with the other 
states, indicating the appearance of Si-Si bonding. The O peak analysis 
confirmed this by showing, in addition to the Si-O bonding, a new state 
corresponding to O-O. By employing TEM, the real thickness of the 
layers was compared to the nominal one for different values, thus 
calibrating the deposition. For samples annealed at 1200 °C, the 
presence of Si NCs was also observable. 

The crystalline signal of Si NCs was easily identified for samples 
under two conditions of the tested parameters, that is, annealing 
temperature for the post-deposition processing and thickness of the 
SRO layer. Indeed, a minimum of annealing temperature of 1000 °C 
and layer thickness of 4.3 nm are required for the signal of Si NCs to be 
detected by Raman scattering (517 cm-1), with amorphous Si and/or 
SiO2 also being observable. The NCs size for samples annealed at 1200 
°C and with thicknesses of the SRO of 4.3 and 4.7 nm were also 
determined using a phonon confinement model,[5] respectively resulting 
in 3.9 and 4.2 nm, in good agreement with similar systems fabricated 
by other methods. 
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Last, in contrast to bulk Si, Si NCs can be optically characterized via 
photoluminescence emission. Emission is not detected for as-deposited 
samples, whereas in annealed samples the PL intensity increases up to 
1200 °C. In addition, the emission intensity increases and becomes 
narrower as the thickness of the SRO layers decreases. Two different 
contributions could be detected, corresponding to the emission of the Si 
NCs (900 nm) and Si-SiO2 interface defects (750 nm). These 
contributions were time-resolved to shed light on their origin, each 
presenting two dynamic ranges and thus being fitted to: 

 𝑑𝑑𝑃𝑃𝑇𝑇 = 𝐴𝐴1𝑒𝑒
�−� 𝑡𝑡𝜏𝜏1

�
𝛽𝛽1
� + 𝐴𝐴2𝑒𝑒

�−� 𝑡𝑡𝜏𝜏2
�
𝛽𝛽2
� , (6.1) 

where A is the amplitude, τ the decay time and β the stretching 
parameter; each dynamic being numerated. 

Both contributions presented a first fast emission, which can be 
related to SiO2 defects (such as O vacancies). The occurrence of 
stretched exponentials for the second dynamic range is due to a 
distribution of NCs in size, to their interaction with each other and 
disorder. According to a core-shell model, the high energy emission is 
originated at the shell, where lower β corresponds to defects at the Si-
SiO2 interface, and lower τ2 to a high disorder. As for the low energy 
emission, related thus to the core, τ2 increases with the thickness of the 
SRO layers, due to a larger distribution of sizes of NCs. 

This work demonstrates the usefulness of electron beam evaporation 
for the fabrication of Si NCs-based optoelectronic devices, being it a 
simpler technique that can yield high quality results. 

The results hereby introduced have been presented as a poster at the 
European Materials Research Society (EMRS) Spring Meeting 2018 
and the 2018 Annual Meeting of the Institute of Nanoscience and 
Nanotechnology of the UB (IN2UB). A journal article was published in 
Physica Status Solidi A 216, 1800619 (2019). 
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6.2. Resistance state read through light 
emission 

As presented before, the selection of a SiO2-Si NCs active layer for 
resistive switching aimed at taking advantage of both the presence of 
defective SiOx areas, where resistive switching could be initiated, and 
the optical properties of Si nanostructures. A possible combination of 
electrical and optical properties in one resistive switching device paves 
the way to a new generation of optical memristors that can be written 
or read either electrically or optically. This expands their range of 
applications into the field of optoelectronics, with the added benefits of 
using light signals. 

The basic device structure fabricated for this work consisted of Si 
NCs MLs deposited on top of a Si substrate and with ZnO as a top 
transparent electrode. Whereas the number of SRO layers that would 
become nanostructured Si was maintained at five, the presence or 
absence of other layers were tested in different combinations to find the 
best resistive switching conditions. These included a top SiO2 layer 
capping the MLs and a Si3N4 thin layer between the substrate and the 
MLs, which favors minority carriers injection from the substrate into 
the MLs.[4] Of the four possible devices, the best resistive switching 
conditions occur when the Si3N4 is present, but not the SiO2 capping 
layer. The MLs and the Si3N4 were deposited via PECVD, whereas 
photolithographically-patterned ALD-deposited ZnO was employed as 
top electrode. 

The first test carried out with the devices was their resistive 
switching performance. The devices present a highly resistive pristine 
state in accordance with SiO2 being the dielectric, which is broken 
through the electroforming process at 9.5 V. A current compliance is set 
at 100 µA to avoid a permanent LRS. The device has a bipolar behavior, 
as expected from the valence change mechanism taking place, that is, 
O ions being liberated leaving behind a network of SiOx conductive 
filaments. Thus, the reset process takes place for negative polarity at 
around –8 V. Finally, the HRS is observed to be less resistive than the 
pristine state of the device, owing to a partial re-oxidation of the CFs 
rather than it being complete. A difference of two orders of magnitude 
in current (or resistance) is maintained for most of the cycles. 
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Once the resistive switching cycle has been stablished, and bearing 
in mind the optical properties of Si NCs, different devices were set to 
either LRS or HRS. The electroluminescence of the devices was 
measured at different constant voltages applied below the reset and set 
process values, monitoring the current to avoid a change of state. 
Electroluminescence emission is observed under certain conditions: 
either in HRS and large applied voltage in inversion or accumulation, 
or in LRS in accumulation. A clear difference is already observed 
between both conditions, the first resulting in a peak-like emission, 
whereas a broad band is obtained in LRS. This points towards different 
origins for the emissions, e.g., different luminescent centers. 

Indeed, an in-depth analysis of each emission revealed that that of 
HRS corresponds to a peak centered at 900 nm, in perfect agreement 
with ~4-nm-size Si NCs (as observed for these samples via TEM). In 
contrast, the emission at LRS can be deconvoluted into two emissions, 
one also corresponding to Si NCs at 900 nm, and a broader one centered 
at 670 nm, which can be attributed to the emission of ZnO defects.[7] 
This has been corroborated by measuring the emission in Figure 6.1(a) 
of a reference device in a similar structure that does not include the Si 
NCs MLs, where only a wide emission centered at ~700 nm is observed. 
An ideal reading condition for the devices can be set to 6 V, where no 
emission can be observed at LRS, and high intensity NIR occurs at 
HRS, clearly distinguishing the state of the device. Accumulation 
conditions (V < 0) are not recommended, since the emission exhibits a 
low intensity for both states until reaching values close to the reset 
voltage.  

Finally, the emissions were correlated with the VCM and the state 
of the device. In pristine conditions, a very high intensity emission from 
Si NCs is observed, as recombination processes take place within them. 
As shown in Figure 6.1(b), the emission of the pristine and HRS are 
very similar, with only a difference in intensity. This owes to the same 
luminescent centers being active for both states, i.e. Si NCs, with some 
of them losing the quantum confinement in HRS due to the remaining 
CFs In HRS charges partially travel through the dielectric as low 
resistance paths connecting the electrodes are unavailable, permitting 
again the recombination in the Si NCs and thus a higher intensity 
emission from them.  
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When CFs are formed and the device is in LRS, a high current is 
injected to the device through the ZnO contact, which allows for the 
emission of its defects. Figure 6.1(c) displays the spot-like emission of 
these devices in LRS, owing to a higher density of carriers circulating 
through the CFs beneath the visible ZnO top electrode. Only a low 
number carriers travelling the distance (through the dielectric) are able 
to yield a low intensity emission of the Si NCs. It should also be noted 
here that the CFs are probably formed between Si NCs, since their 
interface with the SiO2 corresponds to defective zones where O is more 
likely to be liberated. This would also reduce the amount of Si NCs 
available for emission, as quantum confinement would be lost for those 
that become part of a CF. 

This work paves the way for resistive switching devices to be 
included in the next generation of optoelectronics. Indeed, the 
procedure and device presented can be considered novel, since as of the 
writing of the correspondent journal article, only two other works could 

(a) (b)

(c)

Figure 6.1. (a) EL emission of a reference device not containing Si NCs 
MLs. (b) Comparison of EL emission in pristine and HRS conditions of devices 
with Si NCs MLs. (c) Image of a device containing Si NCs MLs emitting light 
in spot-like conditions when in LRS. 
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be found to report the combination of these two properties, although 
with not so clear performance.[8,9] 

A journal article was published in Journal of Applied Physics 126, 
144504 (2019), selected as part of the Editor’s Pick collection. In 
addition, the results hereby introduced have been presented as a talk 
at the European Materials Research Society (EMRS) Spring Meeting 
2019 and Fall Meeting 2019, and as a poster at the 2019 Annual 
Meeting of the Institute of Nanoscience and Nanotechnology of the UB 
(IN2UB). It was also recognized with a Graduate Student Award at the 
EMRS Fall Meeting 2019, Symposium A. 
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6.3. Resistance state read through light 
absorption 

Following the range of interesting optical properties presented by Si 
NCs, and the possibility of resistive switching already being 
demonstrated, the interaction of the device structure with impinging 
light was analyzed. Other works have already shown that the use of 
resistive switching materials in optical waveguides can lead to an 
optical read of the state by modifying the propagation losses with the 
resistance state (and therefore, the material inner structure).[10] In this 
case, the work is aimed at observing a modification of the light absorbed 
by the device structure presented in the previous section, as it 
corresponds to a tandem Si-Si NCs solar cell.[11] 

In order to characterize the device response, two light sources were 
employed, a 532-nm continuous-wave laser (with power densities from 
0.1 to 200 mW cm-2) and a monochromated Xe lamp (with power 
densities of 0.5–2 mW cm-2 in the 300–1100 nm spectral range). The 
photovoltaic response of devices and their dependence with the 
resistance state was first analyzed using the CW laser. Different 
devices were set to each state, pristine, HRS and LRS, and illuminated 
while monitoring the current at 0 V, as it can be observed in Figure 6.2. 

Figure 6.2. Readout of Si NCs containing RS devices at 0V when 
illuminated with a green CW laser, showing different current responses 
dependent of the state of the devices. Variations between cycles are negligible. 
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A sequence of darkness, illumination and darkness, for 50 s each, 
was employed to observe the response of each state and any remaining 
signal after illumination. The results show that devices in darkness 
present no current conduction as expected, but some conduction takes 
place while illuminated. With respect to the noise level of the measuring 
system observed in darkness, 10–13 A, the current increases one, two or 
five orders of magnitude respectively for pristine, HRS and LRS, under 
illumination. No current is detected when returning to darkness, and 
the variation between cycles is negligible. 

Indeed, light absorption is assumed to take place in the Si substrate 
or the Si NCs. The barriers of SiO2 suppose a big drawback for carrier 
extraction. The fact that conductive paths in the form of CFs are present 
in the HRS and mainly the LRS, allow for the avoidance of these 
barriers and thus photogenerated carries are more easily extracted. The 
photocurrent that can be extracted scales with the power density 
reaching the device, and enough difference between the LRS and HRS 
can be detected even at the minimum laser power of 2.4×10–6 W. This 
fact is remarkable, as an electrical reading requiring of 3 V would 
already consume 1.8×10–4 W, meaning that an optical readout of the 
device saves energy when compared to the typically employed electrical 
readout. 

Last, the origin of light absorption was also inspected. A reference 
device consisting of ZnO electrodes on top of a Si substrate was 
fabricated, and its spectral response compared to that of the resistive 
switching device at different states. Unfortunately, the lower power of 
the Xe lamp at some wavelengths limited the experiment. Spectral 
response could be obtained at 0 V only for the reference sample and the 
LRS state, whereas a voltage of 8 V was required for obtaining some 
photoconduction signal at the pristine and HRS states. Nevertheless, 
the compared spectra clearly identify both the Si substrate and the MLs 
as responsible in the absorption process. At high energies, the larger 
density of states of Si NCs compared to bulk Si contribute to a higher 
absorption in this range, resulting in an observed peak feature when 
these are present. In addition, a blue shift can be observed at lower 
energies, which agrees with the higher bandgap of Si NCs compared to 
bulk Si. Although the benefit in terms of optical readout of resistive 
switching devices is clear with these results, the overall efficiency of 
extraction hinders the device performance. Indeed, comparing the 
external quantum efficiency of the reference sample and the device in 
LRS, the efficiency is lower for the latter by three orders of magnitude. 
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This can be mainly attributed to the barriers of SiO2 in the MLs, which 
poses a drawback for extraction. 

In any case, these results point towards another fact that should be 
considered together with the light emission readout of optical 
memristors: a very low power light absorption readout. These two 
combined concepts clearly demonstrate the usefulness of optical 
memristors as selective light emitters and detectors. 

These results were presented as a talk at the European Materials 
Research Society (EMRS) Spring Meeting 2020 and as a poster at the 
38th European Photovoltaic Solar Energy Conference and Exhibition, 
being a Poster Award Winner. A journal article was published in 
Applied Physics Letters 116, 193503 (2020). 
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6.4. Photovoltaic improvement with 
electroforming 

The photovoltaic properties of the tandem Si NCs-Si devices studied 
in the two previous sections have been demonstrated to be maintained 
even after resistive switching cycling takes place. The possibility of 
reading the device resistance state through light absorption was thus 
explored, but the key remained in analyzing the effect of RS on the 
overall photovoltaic performance of the devices. 

Indeed, it was already demonstrated in the previous section that a 
controlled RS process showed different efficiencies of carrier extraction 
depending on the state, with LRS being the most efficient. In this state, 
the CFs are completely formed between the electrodes, aiding in the 
conduction of photogenerated carriers through the SiO2 barriers. 
However, one parameter remained to be modified to study its effect: the 
CC. This value blocks the overshooting in current produced during the 
set and electroforming processes, thus avoiding a permanent damage to 
the devices in the form of too strong CFs. An irreversible LRS would 
then appear,  with such an amount of O ions lost that recuperating them 
in the reset re-oxidation process is not able to break the connection 
between electrodes. 

A first experiment aimed at proving the overall better performance 
of the LRS was carried out by setting different devices to each state and 
comparing their I(V) curves in darkness and under white light 
illumination (in this case, a class-B solar simulator, with a power 
density of 1 kW m–2). When compared to dark conditions, an overall 
increase in conductivity is observed for pristine and HRS states under 
illumination, associated to a photoconduction effect; instead, this effect 
is minimal in LRS. More interesting is the analysis of quasi-static near-
zero I(V) curves under illumination, where a photovoltaic effect is 
observed for the three states. Values for short-circuit current (ISC) and 
open-circuit voltage (VOC) for each state are displayed in Table 6.I, 
where it can be observed that the former increases with lower 
resistance state while the latter exhibits no significant variation. The 
fact that CFs are formed through RS creates low resistance sites that 
can aid in the extraction of photogenerated carriers by reducing their 
diffusion length (instead of having to reach the electrodes, reaching the 
closest CF is sufficient). 
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Once established the better performance of devices when in LRS, 
especially in terms of enhanced ISC, the role of the CC for the generation 
of CFs becomes crucial. Different devices were submitted to 
electroforming processes in the dark with CC ranging from 1 µA to 1 
mA, followed by an under-illumination near-zero I(V) measurement. 
Figure 6.3 presents the ISC and VOC extracted from these measurements. 
Overall, the conductivity of the devices increases with CC, in agreement 
with the formation of a stronger network of CFs. Moreover, the values 
of short-circuit current density (JSC), VOC and the maximum efficiency 
for each CC can be extracted from the measurements. Following the 
observations that showed that higher conductive states increase their 
ISC, the JSC also increases with CC, from 10–5 to 1 A m–2. In addition, 
VOC remains almost constant and within the values previously observed 
~300 mV. Last, the efficiency of the devices also increases with CC, from 
~10–6 % to 10–2 %. 

Resistance state Pristine HRS LRS
ISC (pA) 10 60 4×104

VOC (mV) 160 500 280

Table 6.I. Short-circuit current (ISC) and open-circuit voltages (VOC) 
corresponding to the pristine, HRS and LRS states of the analyzed ZnO/Si 
NCs-SiO2/Si3N4/Si devices. 

Figure 6.3. Short-circuit currents (ISC) and open-circuit voltages (VOC) for 
RS Si NCs containing devices after electroforming processes with different CC. 
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These results can be explained in terms of the VCM mechanism. 
First, the increase of JSC can be easily related to the presence of more 
and larger CFs as CC increases, which helps reducing the carrier 
diffusion length. Just an increase in size of the CFs would not be able 
to increase the JSC by many orders of magnitude, as it has been 
observed, due to the nano-dimensions they have. Moreover, neither the 
photogeneration nor the number of minority carriers available in the 
structure is affected by the presence of CFs, and thus the VOC is 
maintained fairly constant. Last, the overall increase in efficiency 
observed is also comparable to that of a pristine device and one at HRS, 
the former having conversion efficiencies around 10–7 % and the latter 
around 10–6 %. 

In addition, the effect of the different CC values employed on the 
optical properties of the devices has also been studied, by measuring 
the EQE at different wavelengths and comparing it to a reference 
ZnO/Si sample. The EQE spectra also allow calculating the expected JSC 
of the devices, which resulted in the same orders of magnitude and 
tendency as the ones obtained experimentally, thus corroborating the 
consistency of the performed measurements. The same features 
observed in the previous work were maintained for this study, even 
when applying the largest CC. Indeed, since a larger number of CFs 
does not break the quantum confinement of all Si NCs in the sample, 
these are still responsible for part of the absorption of the device. 

Overall, this work demonstrates that resistive switching increases 
the efficiency of tandem Si NCs/Si solar cells, but it might as well be 
applicable to other solar cell materials that show resistive switching. 

The results hereby described were presented, together with the 
previous work, in the 38th European Photovoltaic Solar Energy 
Conference and Exhibition (see previous section). In addition, a journal 
article was published in Solar Energy Materials and Solar Cells 230, 
111252 (2021). 
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7. Summary and 
Conclusions 

In this Doctoral Thesis, a new concept of optical memristors has been 
explored and realized. These devices take the resistive switching 
properties to new applications in Optoelectronics, as controllable light 
emitters and absorbers. To reach the combination of both properties, 
different device structures and materials have been analyzed, starting 
from a different property to afterwards attempt the addition of the 
other. Fabrication of complete devices required of a series of techniques, 
including RF magnetron sputtering, EBE, PECVD and ALD. 

The process of characterization of these devices has been focused on 
their electrical behavior. The device structures hereby employed had 
already been demonstrated in the past and in some cases even 
optimized, which reduced the necessity for morphological or 
compositional analysis –though these were also corroborated when 
considered important. To this end, the main tests employed have been 
PL, electrical I(V) measurements, pulsed voltages and constant current 
or voltage, modelling of charge transport mechanisms, integrated and 
spectrally resolved EL and photovoltaic characterization [I(V) curves 
under light and in dark]. 

In brief, devices can be separated into three approaches, mainly 
dependent on the initial property studied, to which the second is then 
attempted to be incorporated. A list of findings and a short conclusion 
is given for each. 

7.1. Rare earth-doped electroluminescence  

The possibility of EL and RS properties being combined was first 
realized in these devices containing optically active and emitting RE 
ions. 

 ZnO is doped with terbium and europium ions, and a thorough 
study of the post-annealing treatment reports 700 °C to be the best 
temperature for them to be optically active in the matrix. 
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 RGB light emitting devices are fabricated for ZnO doped structures, 
achieving red (Eu/Tb) and green (Tb), but unfortunately not blue 
(Ce); as well as a device combining all emissions. 

 Green emission following the electronic transitions of Tb3+ ions 
embedded in an Al/Tb/Al/SiO2 structure was achieved in previously 
optimized multilayered devices. 

 A reduction of the overall emission intensity is observed with the 
number of measurements, and it is correlated with oxygen 
movement and CFs being created. 

 Red emission in the form of PL is also possible when doping the 
same structure with Eu3+, also following their expected electronic 
transitions. 

 RS is observed in both Tb-doped and undoped devices, with a slight 
increase in the ratio between resistances and the endurance when 
the RE is present. 

Overall, these studies demonstrate that with proper fabrication 
methods and device structures, light can be extracted from devices 
optically transparent to visible light. In addition, the first indications of 
combined EL and RS are observed, though a low endurance restricts 
further studies. 

7.2. Resistive switching of ZnO 

The second approach focused on achieving reliable RS devices with 
an active material that could be suitable for doping with optically active 
rare earth ions. Given that the latter had already being proved and the 
former was extensively reported in the literature, ZnO was a perfect 
candidate. 

 Reliable RS of ZnO-based devices was demonstrated in devices 
lasting thousands of both I(V) and pulsed voltage cycles. 

 Doping with Tb was attempted, and similarly to the case of doped 
Al/SiO2 multilayers, an increase of resistance ratio and endurance 
is obtained. 

 Though EL is obtained for one of the states, its origin is in the 
defects of ZnO rather than the intended Tb. CFs in LRS avoid the 
excitation of Tb ions and in HRS not enough energy is available for 
excitation. 

 Last, for non-doped ZnO devices, the first combination of RS and 
light absorption is observed, allowing for a modified electroforming 
process when devices are illuminated. This points towards the 
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importance of current in the RS process, normally attributed to 
voltage. 

All these studies conclude that while ZnO shows itself as a promising 
material for the intended application, the device structure and 
conditions of operation still require more research for improvement. 

7.3. Resistive switching of Si NCs in SiO2 

Finally, a new search of possible materials for combined RS and light 
interaction resulted in the testing of SiO2 with embedded Si NCs. 
Though SiO2 is difficult to break, hypothetically the presence of 
optically-active Si NCs would create SiOx regions where the breakdown 
could be initiated. 

 The active matrix was deposited via PECVD following the 
multilayer approach and a high temperature annealing process. 
Nevertheless, the same process is demonstrated to create the 
expected network of NCs when depositing the required layers with 
EBE. 

 These multilayers, when enclosed in a proper device structure (up 
to sixteen combinations of layers were tested, four were successful), 
present RS properties. 

 Emission from Si NCs and the top ZnO electrode is possible when 
in different resistance states and avoiding the overwriting, thus 
yielding a controlled optical readout. 

 The tandem solar cell structure of these devices also allows for their 
state readout through light absorption and carrier extraction at 0 
V, increased at LRS. 

 Further exploring the effect of RS in the photovoltaic effect, it is 
shown that the presence of stronger CFs allows for improved carrier 
extraction. 

As a result of these works, the main objective of this Doctoral Thesis 
is achieved, i.e. the fabrication and characterization of optical 
memristors. The selected materials and device structure facilitate the 
occurrence of RS in an otherwise stable material such as SiO2. In 
addition, its optical transparency is maintained intact due to the 
nanosized dimensions of the created CFs, allowing for embedded Si NCs 
to remain optically active, able to emit and absorb light. 
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7.4.  Future prospects 

The results presented over this Doctoral Thesis correspond to some 
of the first evidences of light interaction with resistive switching devices 
reported in the literature. While interesting, these devices are far from 
their implementation into the Optoelectronics field as presented here, 
mainly due to the high voltages required for the RS process to take 
place. To solve this issue, the overall dimensions of the devices should 
be reduced, with special attention to their thickness. 

In terms of the most promising devices presented, those based on Si 
NCs embedded in SiO2, their thickness could be reduced by modifying 
either the number of layers or their individual thickness. The former 
approach could be detrimental to the expected performance, as a 
reduction in the number of layers diminishes the amount of SiOx sites 
available for the RS process to start, as well as the number of Si NCs, 
thus reducing light interaction. Hence, optimization of these devices is 
hereby proposed to be more promising by reducing the thickness of the 
individual layers deposited. 

In addition other optoelectronic materials could be explored. Hereby 
are proposed perovskites as a possible material to fabricate optical 
memristors. These semiconductors have gained a larger attention in the 
recent years for their light emission and absorption properties. There 
are also reports for some of them being able of RS, which already opens 
the possibility of their combination into devices. Nevertheless, most of 
these materials have their stability compromised to the presence of Pb 
in their structure. In accordance with partial objectives of this Doctoral 
Thesis, they could become a promising material if Pb were successfully 
substituted by other elements, as it is already under research by many 
groups. 

 

 

 

 

 



 

197 

8. Resumo en Galego 
Os dispositivos de conmutación de resistencia van ser un tema dun 

alto interese, especialmente dende o 2008, coma a mellor posibilidade 
para a próxima xeración de memorias e procesadores. Estes dispositivos 
presentan un comportamento que lles permite modificar a súa 
resistencia eléctrica entre dous ou máis estados e retelos sen necesidade 
dun aporte externo de enerxía. En comparación coas tecnoloxías de 
memoria Flash ou DRAM que dominan actualmente o mercado, o 
almacenamento de información pasa de ser en forma de cargas a 
resistencia. 

A posibilidade de ter dous estados de resistencia (alta resistencia 
interpretada coma 0 e baixa resistencia coma 1) xa define unha 
memoria dixital, ca vantaxe de ter alta velocidade de conmutación, 
menores dimensións para cada dispositivo individual e menor consumo 
de enerxía, cando se comparan cas memorias Flash actuais. Estes 
beneficios sinalan ós dispositivos de conmutación de resistencia coma 
os substitutos das memorias Flash e a súa futura incorporación a 
memorias RAM. 

Dende a súa primeira realización física, moitos foron os avances 
logrados en termos de materiais utilizados, estrutura dos dispositivos, 
modelos e integración e escalado en redes e chips. Ademais, as 
propiedades de estes dispositivos obren as portas a outras aplicacións 
máis alá de memorias puras e a arquitectura von Neumann 
convencional. Estas inclúen computación en memoria, así coma 
computación inspirada no cerebro e neuromórfica, onde a capacidade 
análoga (máis de dous estados) dos dispositivos de conmutación de 
resistencia están máis recentemente gañando atención. 

No contexto da investigación en conmutación de resistencia, esta 
Tese Doutoral propoñe un área adicional que se pode beneficiar no 
futuro da inclusión destes dispositivos: a Optoelectrónica. A 
combinación de dispositivos electrónicos e fotónicos ten coma obxectivo 
aproveitar os beneficios de ambos campos e suplir as súas desvantaxes. 
Dispositivos capaces de emitir, detectar, transmitir e controlar sinais 
de luz xa son incluídos en telecomunicacións, sensores e biosensores. 

O principal obxectivo desta Tese Doutoral é polo tanto o 
desenvolvemento dun novo concepto de dispositivos que chamamos 
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memristores ópticos. Cando esta investigación comezou, só uns poucos 
traballos sobre o tema estaban dispoñibles, sendo por tanto o enfoque 
presentado de gran novidade. En esencia, dous tipos de dispositivos van 
ser explorados e fabricados: memristores con emisión e absorción de luz. 
Sen embargo, ambos tiveron un requisito particular: foron necesarios 
materiais transparentes para que a luz fose transmitida non só a través 
dos eléctrodos senón tamén das capas activas dos dispositivos. 

A primeira aproximación a memristores emisores de luz presentada 
explora as posibilidades de dispositivos emisores baseados en ións de 
terras raras. Estes elementos son comunmente utilizados na fabricación 
de capas de fósforos que son excitadas por un dispositivo emisor azul. 
Cando se utilizan de maneira apropiada coma dopantes en matrices de 
materiais óxidos, estes elementos están opticamente activos e pódense 
excitar electricamente Seguindo isto, estudiouse a emisión de 
dispositivos con estrutura de Al/Tb/Al/SiO2. Unha redución da eficiencia 
de emisión é identificada con propiedades de conmutación de 
resistencia, malia que só uns poucos ciclos son posibles. 

Unha segunda aproximación comeza con un óxido condutor 
transparente (TCO) que xa demostra propiedades de conmutación de 
resistencia na literatura: ZnO. Este material presenta vantaxes con 
respecto ó TCO máis utilizado, ITO, en forma dun material non tóxico 
e abundante. A maiores, pódese dopar con ións de terras raras 
ópticamente activos. Do mesmo xeito que sucedeu  no procedemento 
anterior, a conmutación de resistencia é posible, pero o engadido dos 
ións de terras raras reduce moito a súa resistencia. 

Finalmente, unha estratexia diferente permite conseguir os 
resultados obxectivo. Óxido de silicio é empregado coma un material con 
propiedades de conmutación de resistencia xa reportadas, onde 
nanocristais de silicio (Si NCs) son incrustados coma centros 
luminescentes. A súa combinación resulta ser óptima para a aplicación 
obxectivo, lográndose dispositivos duradeiros con emisións ben 
diferenciadas dependentes do estado de resistencia e que evita a súa 
reescritura ó ler. 

Asemade, o rango de propiedades ópticas que teñen dispoñibles estes 
dispositivos ca presencia dos Si NCs esténdese á absorción de luz. Estes, 
poden ser lidos de maneira óptica aproveitando o efecto fotovoltaico da 
súa estrutura de célula solar tándem, distinguindo alta e baixa 
extracción de portadores dependendo do seu estado de resistencia. 
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Por último, explórase o efecto da conmutación de resistencia e a 
presencia de filamentos condutores nestas células solares, lográndose 
un alto incremento da eficiencia cando se comparan a dispositivos 
prístinos. 

 

 

 



 

200 



 

201 

9. Scientific and Academic 
Contributions 

9.1. List of publications 

 G. Vescio, J. L. Frieiro, A. F. Gualdrón-Reyes, S. Hernández, I. Mora-
Seró, B. Garrido, A. Cirera; High Quality Inkjet Printed-Emissive 
Nanocrystalline Perovskite CsPbBr3 Layers for Color Conversion Layer 
and LEDs Applications; Advanced Materials Technologies (published 
online, January 27th), 2022. 
 

 K. E. González-Flores, J. L. Frieiro, P. Horley, S. A. Pérez-García, L. 
Palacios-Huerta, M. Moreno, J. López-Vidrier, S. Hernández, B. 
Garrido, A. Morales-Sánchez; Ultraviolet, visible and near infrared 
photoresponse of SiO2/Si/SiO2 multilayer system into a MOS capacitor; 
Materials Science in Semiconductor Processing 134, 106009, 2021. 
 

 (Paper IX) J. L. Frieiro, J. López-Vidrier, O. Blázquez, J. Ibáñez, D. 
Yazıcıoğlu, S. Gutsch, M. Zacharias, B. Garrido, S. Hernández; 
Electroforming of Si NCs/p-Si photovoltaic devices: Enhancement of the 
conversion efficiency through resistive switching; Solar Energy 
Materials and Solar Cells 230, 111252, 2021. 
 

 (Paper I) C. Guillaume, J. L. Frieiro, O. Blázquez, C. Labbé, J. López-
Vidrier, B. Garrido, S. Hernández, B. Liu, L. Khomenkova, C. Frilay, F. 
Lemarié, C. Leroux, D. Pelloquin, X. Portier; Influence of post annealing 
treatments on the luminescence of rare earth ions in ZnO: Tb, Eu/Si 
heterojunction; Applied Surface Science 556, 149754, 2021. 

 
 M. López, J. L. Frieiro, M. Nuez-Martínez, M. Pedemonte, F. Palacio, F. 

Teixidor; Nanostructure ITO and Get More of It. Better Performance at 
Lower Cost; Nanomaterials 10, 1974, 2020. 

 
 (Paper II) J. L. Frieiro, C. Guillaume, J. López-Vidrier, O. Blázquez, 

S. González-Torres, C. Labbé, S. Hernández, X. Portier, B. Garrido; 
Toward RGB LEDs based on rare earth-doped ZnO; Nanotechnology 31, 
465207, 2020. 



Scientific and Academic Contributions 

202 

 
 (Paper VIII) J. López-Vidrier, J. L. Frieiro, O. Blázquez, D. Yazıcıoğlu, 

S. Gutsch, K. E. González-Flores, M. Zacharias, S. Hernández, B. 
Garrido; Photoelectrical reading in ZnO/Si NCs/p-Si resistive switching 
devices; Applied Physics Letters 116, 193503, 2020. 

 
 (Paper V) O. Blázquez, J. L. Frieiro, J. López-Vidrier, C. Guillaume, X. 

Portier, C. Labbé, S. Hernández, B. Garrido; Light-activated 
electroforming in ITO/ZnO/p-Si resistive switching devices; Applied 
Physics Letters 115, 261104, 2019. 

 
 (Paper VII) J. L. Frieiro, J. López-Vidrier, O. Blázquez, D. Yazıcıoğlu, 

S. Gutsch, J. Valenta, S. Hernández, M. Zacharias, B. Garrido; Silicon 
nanocrystals-based electroluminescent resistive switching device; 
Journal of Applied Physics 126, 144501, 2019. 

 
 (Paper VI) O. Blázquez, L. López‐Conesa, J. López‐Vidrier, J. L. 

Frieiro, S. Estradé, F. Peiró, J. Ibáñez, S. Hernández, B. Garrido; Size‐
Controlled Si Nanocrystals Fabricated by Electron Beam Evaporation; 
Physica Status Solidi A 216, 1800619, 2019. 

 
 (Paper IV) O. Blázquez, J. L. Frieiro, J. López-Vidrier, C. Guillaume, 

X. Portier, C. Labbé, P. Sanchis, S. Hernández, B. Garrido; Resistive 
switching and charge transport mechanisms in ITO/ZnO/p-Si devices; 
Applied Physics Letters 113, 183502, 2018. 

 
 (Paper III) J. L. Frieiro, O. Blázquez, J. López‐Vidrier, L. López‐

Conesa, S. Estradé, F. Peiró, J. Ibáñez, S. Hernández, B. Garrido; Green 
Electroluminescence of Al/Tb/Al/SiO2 Devices Fabricated by Electron 
Beam Evaporation; Physica Status Solidi A 215, 1700451, 2017. 

 

9.2. Paper contribution statement 

The present Doctoral Thesis is presented by compendium of Journal 
articles, comprised of a total of nine published articles presented 
throughout Chapter 7. Electroluminescence of Rare Earth containing 
devices, Chapter 8. Resistive switching of ZnO and Chapter 9. Combined 
properties in Si NC-containing devices. The work presented in all of 
them is original, though there are not introduced in chronological order 
but rather according to their topic. 



9.3. Participation in conferences 

203 

From the list of articles marked in the previous section, it should be 
noted that at least articles II, III, VII, VIII and IX form a selection that 
respect the regulation established by the University of Barcelona for 
presentation of Doctoral Thesis by compendium of articles. Papers II, 
VIII and IX are in the first quartile, while III and VII are in the second, 
being first author in four of them and second in the other. In addition, 
only paper VIII corresponds to a letter. The rest of the documents are 
included for completeness and their scientific relevance, to be evaluated 
by the Committee. Table 9.I summarizes the contributions of the author 
to each paper. 

9.3. Participation in conferences 

 G. Vescio, J. L. Frieiro, M. Oszajca, N. Lüchinger, S. González-Torres, 
A. Fernández-Guerra, J. López-Vidrier, B. Wilk S, S. Öz, Hernández, A. 
Cirera, B. Garrido; Inkjet-printed Ag2BiI5 and Ag3BiI6 for eco-friendly 
flexible solar cells; Poster, EMRS Spring Meeting, Virtual Meeting, 
2021. 
 

 S. González-Torres, A. Fernández-Guerra, A. F. Gualdrón-Reyes, I. 
Mora-Seró, M. Oszajca, N. Lüchinger, M. Rossier, A. Hauser, F. Linardi, 
J. L. Frieiro, G. Vescio, A. Cirera, S. Hernández, B. Garrido; Inkjet-
printed metal halide perovskite devices; Poster, EMRS Spring Meeting, 
Virtual Meeting, 2021. 

 
 S. González-Torres, A. Fernández-Guerra, J. L. Frieiro, G. Vescio, M. 

Oszajca, N. Lüchinger, M. Rossier, A. Hauser, F. Linardi, S. Hernández, 

Table 9.I. Statement of contributions to the papers presented in this 
Doctoral Thesis. 



Scientific and Academic Contributions 

204 

B. Garrido, A. Cirera; Optimization and performance of all inkjet-
printed metal oxide heterojunctions for optoelectronic applications; 
Poster, EMRS Spring Meeting, Virtual Meeting, 2021. 

 
 J. López-Vidrier, J. L. Frieiro, S. González-Torres, J. Bertomeu, S. 

Hernández, B. Garrido; Photovoltaic response dependence on the 
resistive switching state of silicon nanocrystal multilayers; Poster, 38th 
European Photovoltaic Solar Energy Conference and Exhibition, Lisbon 
(Portugal), 2021. 

 
 J. L. Frieiro, J. López-Vidrier, S. González-Torres, O. Blázquez, K. E. 

González-Flores, D. Yazıcıoğlu, S. Gutsch, M. Zacharias, S. Hernández, 
B. Garrido; Silicon nanocrystal multilayers as active material for 
electro-optical resistive switching devices; Oral presentation, EMRS 
Spring Meeting, Strasbourg (France), 2020. 

 
 J. L. Frieiro, C. Guillaume, J. López-Vidrier, O. Blázquez, C. Labbé, C. 

Frilay, F. Lemarié, X. Portier, S. Hernández, B. Garrido; 
Electroluminescent rare earth-doped ZnO for white LEDs; Oral 
presentation, EMRS Spring Meeting, Strasbourg (France), 2020. 

 
 J. Parra, I. Olivares, A. Brimont, J. L. Frieiro, O. Blázquez, S. 

Hernández, B. Garrido, P. Sanchis; Non-volatile and ultra-compact 
photonic memory, Poster, European Conference on Integrated Optics, 
Ghent (Belgium), 2019. 

 
 C. Guillaume, J. L. Frieiro, O. Blázquez, C. Labbé, B. Garrido, S. 

Hernández, C. Frilay, F. Lemarié, X. Portier; Ce, Tb and Eu doped ZnO 
annealed films for LEDs application; Poster, EMRS Fall Meeting, 
Warsaw (Poland), 2019. 

 
 O. Blázquez, J. L. Frieiro, J. López-Vidrier, C. Guillaume, X. Portier, C. 

Labbé, P. Sanchís, S. Hernández, B. Garrido; Influence of light on the 
resistive switching states of ITO/ZnO/p-Si devices; Oral presentation, 
EMRS Fall Meeting, Warsaw (Poland), 2019. 

 
 J. L. Frieiro, J. López-Vidrier, O. Blázquez, D. Yazıcıoğlu, S. Gutsch, J. 

Valenta, M. Zacharias, S. Hernández, B. Garrido; Silicon nanocrystals-
based devices for electroluminescence and resistive switching 
applications; Oral presentation, EMRS Fall Meeting, Warsaw (Poland), 
2019. Graduate Student Award of Symposium A. 

 



9.3. Participation in conferences 

205 

 O. Blázquez, J. L. Frieiro, F. Bonet-Isidro, S. González-Torres, J. López-
Vidrier, C. Guillaume, X. Portier, C. Labbé, P. Sanchís, S. Hernández, 
B. Garrido; Light effect on the resistive switching properties of ZnO-
based devices; Poster, Annual Meeting of the Institute of Nanoscience 
and Nanotechnology of the UB, Barcelona (Spain), 2019. 

 
 J. L. Frieiro, J. López-Vidrier, O. Blázquez, D. Yazıcıoğlu, S. Gutsch, J. 

Valenta, M. Zacharias, S. Hernández, B. Garrido; Resistive switching 
readout through silicon nanocrystals electroluminescence; Poster, 
Annual Meeting of the Institute of Nanoscience and Nanotechnology of 
the UB, Barcelona (Spain), 2019. 

 
 F. Bonet-Isidro, J. L. Frieiro, O. Blázquez, J. López-Vidrier, S. 

González-Torres, C. Guillaume, C.; X. Portier, C. Labbé, P. Sanchís, S. 
Hernández, B. Garrido; ITO/ZnO/p-Si resistive switching devices 
property improvement via Tb-doping; Poster, Annual Meeting of the 
Institute of Nanoscience and Nanotechnology of the UB, Barcelona 
(Spain), 2019. 

 
 J. L. Frieiro, J. López-Vidrier, O. Blázquez, D. Yazıcıoğlu, S. Gutsch, J. 

Valenta, S. Hernández, M. Zacharias, B. Garrido; Electroluminescence-
readable memristor based on silicon nanocrystals; Oral presentation, 
EMRS Spring Meeting, Nice (France), 2019. 

 
 F. Bonet-Isidro, J. L. Frieiro, O. Blázquez, J. López-Vidrier, S. 

González-Torres, C. Guillaume, C.; X. Portier, C. Labbé, P. Sanchís, S. 
Hernández, B. Garrido; Effect of Tb-doping on ITO/ZnO/p-Si resistive 
switching devices; Poster, EMRS Spring Meeting, Nice (France), 2019. 

 
 O. Blázquez, J. L. Frieiro, F. Bonet-Isidro, S. González-Torres, J. López-

Vidrier, C. Guillaume, X. Portier, C. Labbé, P. Sanchís, S. Hernández, 
B. Garrido; Light effect on the resistive switching properties of 
ITO/ZnO/p-Si devices; Poster, EMRS Spring Meeting, Nice (France), 
2019. 

 
 J. López-Vidrier, S. Gutsch, O. Blázquez, J. L. Frieiro, D. Hiller, S. 

Hernández, B. Garrido, M. Zacharias; Effect of ZnO electrode on the 
electroluminescence emission of Si NC/SiO2 multilayers; Oral 
presentation, EMRS Spring Meeting, Strasbourg (France), 2018. 

 
 O. Blázquez, J. L. Frieiro, J. López-Vidrier, L. López, C. Guillaume, S. 

Estradé, X. Portier, S. Hernández, F. Peiró, C. Labbé, B. Garrido; 



Scientific and Academic Contributions 

206 

Resistive switching and charge transport mechanisms from ITO/ZnO/p-
Si devices; Oral presentation, EMRS Spring Meeting, Strasbourg 
(France), 2018. 

 
 O. Blázquez, J. López‐Vidrier, J. L. Frieiro, L. López‐Conesa, S. 

Estradé, F. Peiró, J. Ibáñez, S. Hernández, B. Garrido; Size-controlled 
Si nanocrystals deposited by electron beam evaporation; Poster, EMRS 
Spring Meeting, Strasbourg (France), 2018. 

 
 J. L. Frieiro, O. Blázquez, J. López‐Vidrier, S. Hernández, B. Garrido; 

The effect of Tb nano-barriers on the SiAlO resistive switching 
properties; Poster, EMRS Spring Meeting, Strasbourg (France), 2018. 

 
 O. Blázquez, J. López‐Vidrier, J. L. Frieiro, L. López‐Conesa, S. 

Estradé, F. Peiró, J. Ibáñez, S. Hernández, B. Garrido; Size-controlled 
Si nanocrystals deposited by electron beam evaporation; Annual 
Meeting of the Institute of Nanoscience and Nanotechnology of the UB, 
Barcelona (Spain), 2018. 

 
 J. Parra, I. Olivares, J. L. Frieiro, O. Blázquez, S. Hernández, B. 

Garrido, P. Sanchis; Transparent conducting oxides for optoelectronics 
and biosensing applications; Invited presentation, International 
Conference on Transparent Optical Networks (ICTON), Bucharest 
(Romania), 2018. 

 
 B. Garrido, O. Blázquez, J. López-Vidrier, A. Huguet, R. Pruna, M. 

López, J. L. Frieiro, S. Hernández; Materials and devices for integrated 
optoelectronics, biosensing and human centric lighting; Oral 
presentation, 2nd Workshop on Photonic Integrated Circuits for 
Telecom & Bio / Life Sciences; Castelldefels (Spain), 2017. 

9.4. Participation in scientific projects 

 Title: Optoelectrónica impresa basada en óxidos metálicos y 
perovskitas (PRITES) 
Principal investigator: Prof. Blas Garrido Fernández, Prof. Albert 
Cirera Hernández 
Funding: Spanish Ministry of Science, Innovation and Universities 
Reference: PID2019-105658RB-I00 
Amount: 193 600.00 € 
Duration: 01/06/2020 – 31/05/2023 



9.5. Teaching 

207 

 
 Title: DRop-on demand flexible Optoelectronics & Photovoltaics by 

means of Lead-Free halide perovskITes (DROP-IT) 
Principal investigator: Prof. Blas Garrido Fernández 
Funding: European Union 
Reference: H2020-EU.1.2.1.862656 
Amount: 571 455.00 € 
Duration: 01/11/2019 – 30/04/2023 
 

 Title: Desarrollo de óxidos de metales de transición con tecnología de 
silicio para conmutadores electrónicos (memristores) y células solares 
(METALONIC) 
Principal investigator: Prof. Blas Garrido Fernández, Dr. Sergi 
Hernández Márquez 
Funding: Spanish Ministry of Economy and Competitiveness 
Reference: TEC2016-76849-C2-1-R 
Amount: 139 755.00 € 
Duration: 30/12/2016 – 29/12/2019 

9.5. Teaching 

 2020 – 2021 (H.Gr@d: 54.0, H.PDA: 146.68) 
• 360572 Informàtica, TG1035 Física, Práctiques d’ordinadors. 

(H.Gr@d: 52.0, H.PDA: 138.68) 
• 571424 Nanoenergia, M0802 Nanociència i Nanotecnologia, 

Pràctiques de laboratori. 
(H.Gr@d: 2.0, H.PDA: 8.0) 
 

 2019 – 2020 (H.Gr@d: 58.0, H.PDA: 157.35) 
• 360572 Informàtica, TG1035 Física, Práctiques d’ordinadors. 

(H.Gr@d: 52.0, H.PDA: 138.68) 
• 571419 Ciència i Anàlisi de Superfícies, M0802 Nanociència i 

Nanotecnologia, Práctiques de laboratori. 
(H.Gr@d: 4.0, H.PDA: 10.67) 

• 571424 Nanoenergia, M0802 Nanociència i Nanotecnologia, 
Teoricopràctica. 
(H.Gr@d: 2.0, H.PDA: 8.0) 
 

 2018 – 2019 (H.Gr@d: 58.0, H.PDA: 162.68) 
• 360572 Informàtica, TG1035 Física, Práctiques d’ordinadors. 



Scientific and Academic Contributions 

208 

(H.Gr@d: 52.0, H.PDA: 138.68) 
• 571419 Ciència i Anàlisi de Superfícies, M0802 Nanociència i 

Nanotecnologia, Práctiques de laboratori. 
(H.Gr@d: 4.0, H.PDA: 16.0) 

• 571424 Nanoenergia, M0802 Nanociència i Nanotecnologia, 
Teoricopràctica. 
(H.Gr@d: 2.0, H.PDA: 8.0) 

9.6. Supervision of students 

 Cerda, G., “Characterization of the ZnO based Memristor”, Master 
Thesis. Master in Nanoscience and Nanotechnology (University of 
Barcelona), Barcelona (Spain), 2018. 

 Mo’awia Khalil, M. E., “Electro-optical properties of ZnO-based 
resistive switching devices”, Master Thesis. Master in Nanoscience and 
Nanotechnology (University of Barcelona), Barcelona (Spain), 2018. 

 Fernández-Guerra, A., “Resistive switching properties of metal oxides 
for neuromorphic applications”, Bachelor Thesis. Bachelor’s Degree in 
physics (University of Barcelona), Barcelona (Spain), 2019. 

 

 

 

 


	Abstract
	List of Acronyms

	Acknowledgments
	Table of Contents
	1. Introduction
	1.1. From electronics to optoelectronics
	1.2. Memristors
	1.3. Light emitting devices
	1.4. Objectives
	1.5. Outline of the Thesis

	2. Background and State of the Art
	2.1. Materials for optoelectronics
	2.1.1. Indium Tin Oxide (ITO)
	2.1.2. Zinc oxide (ZnO)
	2.1.3. Silicon (Si)
	2.1.4. Silicon dioxide (SiO2)
	2.1.5. Silicon nanocrystals (Si NCs)

	2.2. Light emitting devices
	2.2.1. Excitation
	2.2.2. Semiconductor LEDs and exciton recombination
	2.2.3. Rare Earth electronic transitions

	2.3. Photovoltaic devices
	2.4. Resistive switching devices for optoelectronics

	3. Materials and Methods
	3.1. Employed materials
	3.2. Fabrication techniques
	3.2.1. Electron beam evaporation (EBE)
	3.2.2. Radiofrequency magnetron sputtering
	3.2.3. Plasma-enhanced chemical-vapor deposition (PECVD)
	3.2.4. Atomic layer deposition (ALD)

	3.3. Characterization techniques
	3.3.1. Optical characterization
	3.3.1.1. Photoluminescence (PL)

	3.3.2. Electrical and electro-optical characterization
	3.3.2.1. Electrical measurements
	3.3.2.1.1. Charge transport in dielectrics

	3.3.2.2. Electroluminescence
	3.3.2.3. Photovoltaic characterization



	4. Electroluminescence of Rare Earth containing devices
	4.1. Rare earth-doped ZnO
	4.1.1. The effect of high temperature annealing
	4.1.2. Devices for RGB electroluminescence

	4.2. Electroluminescence from multilayered Al/Tb/Al/SiO2
	4.2.1. Effect of Tb-doping on resistive switching
	4.2.2. Replacement of Tb with Eu for red emission


	5. Resistive switching of ZnO
	5.1. Resistive switching properties of ITO/ZnO/p-Si
	5.1.1. Effect of terbium doping

	5.2. Electroforming under incident light

	6. Combined properties in Si NC-containing devices
	6.1. Si NCs embedded in SiO2 by electron beam evaporation
	6.2. Resistance state read through light emission
	6.3. Resistance state read through light absorption
	6.4. Photovoltaic improvement with electroforming

	7. Summary and Conclusions
	7.1. Rare earth-doped electroluminescence
	7.2. Resistive switching of ZnO
	7.3. Resistive switching of Si NCs in SiO2
	7.4.  Future prospects

	8. Resumo en Galego
	9. Scientific and Academic Contributions
	9.1. List of publications
	9.2. Paper contribution statement
	9.3. Participation in conferences
	9.4. Participation in scientific projects
	9.5. Teaching
	9.6. Supervision of students


