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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/SiO: 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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Introduction

1.1.From electronics to optoelectronics

In the second half of the 20t 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 1.1.1M 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).23! 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
1mpossible to achieve, as well as an increase in the power consumption
of fabricated chips.
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Figure 1.1. Number of transistors per microprocessor, per year. Red line
serves as guide to the eye, following Moore’s law. Data from reference [11.

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.



1.2. Memristors

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, 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
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Weights

Outputs

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.

them.[™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.
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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 20t century and beginning of the
21st, and especially since the invention of the blue LED.[2

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).[1415] 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).l'6] 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.!'”



Introduction

1.4.0Objectives

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
Zn0 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 SiOa.

= 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.

1.5.0utline 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 St 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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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.[!l Its composition may
be varied depending on the desired properties, but it comprises a high
amount of Inz03 (~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, In203 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.

2.1.2.7Zinc oxide (ZnQO)

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 (Zni®-) and oxygen vacancies (Vo2*). This
fact results in carrier concentrations around 10¢ cm= and electron
mobilities of 300 cm2 V! sl 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.! Its conductivity can
be further increased wvia 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 A, ¢ = 5.20 A for ZnO and a = 3.19 A, ¢ =
5.19 A for GaN).25] 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.®

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.["]

With respect to ZnO, studies suggest that substituting Zn with
group-IIT elements or O with group-VII elements provides donors and
thus an n-type doping.? Indeed, Al, Ga and In doping has already been
proved by different research groups.#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.[!l] 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.['3] 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.S1licon (S1)

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 1s 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-IIT (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 cm?2 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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Depletion
region

(b) nsi p-Si (¢) nsi p-Si

Reverse bias Forward bias

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. (¢) Under forward bias, depletion
region is decreased until it disappears, when conduction is facilitated.

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.

Source Gate Drain
Metal Oxide
Metal d Metal
n-Si 2] n-Si

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 um, 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 HfOz as dielectrics and TiN
instead of poly-Si as the gate contact, and at the 22-nm node devices
change from MOSFETSs 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.S1licon dioxide (Si0g2)

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, SiOz 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 SiOa.

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
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patterned to open windows where the following fabrication step is
required. The removal of Si0:2 is done via etching of unprotected zones
of the SiOz2, 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 (A = 1550 nm);
as well as the previous ones employed (first window, A = 850 nm; second
window A = 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 Sibeing 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.['8] Visible light
emission from Si was presented at room temperature for the first
time.['7] 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:

W) = ek Ty, 2.1)

where u(#) is a function with the period of the lattice, and k is the
wavevector. This wavevector describes in the reciprocal space the
propagation of the particle, together with the function u(#).

Indeed, there are combinations of I?land ?2 that may result in the
same wave function W(7). 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 k for each cell that are non-equivalent. Any

other k is equivalent to one in the first Brillouin zone. If the values of k
are restricted to those in the first Brillouin zone, then all Bloch
functions have a unique k, 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 (E.) of these particles can be calculated
through the Schrédinger equation:
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212
HAOWE) = [% n W(F)] W) = E,¥(F), 2.2)

where |p|?/2m and W () 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 k as
follows:
N 2
E(K) = 2 (ke + k2 + k%), (2.3)

2m*

where h 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,
1n 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.

Figure 2.3. Diagram of the
electronic band structure of bulk
Si. Shaded region marks the band
gap, where no states are allowed.

E (eV)

-10
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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:

2 2 2
Ea(K) = o (S + k2 + k%) (2.4)
where ¢ i1s 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 #2. The energy of the valence band is
decreased (AE;onr,) and the conduction band increased (AEconf.),

h? (nznz

resulting in an overall increase of the band gap of the structure respect
to the infinite case:

Eg,QW = Eg,bulk + AEconf,e + AEconf,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:

A
Egnes = Egpuik + 35 » (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 k, 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
~10-6.019]

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 Si13Ny, 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.[20-221 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 Si1 NC-
containing layer (higher E;) is placed on top of a bulk Si cell lower Ej),
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.24261 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
lons, 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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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.

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.
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e 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 (uLEDs) 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.3) 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).[32l 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 ZnQ,[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.139-41 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 (Tbh) 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 2.5.135.42.43]
The probabilities of each transition occurring are different and include
a range of discrete emissions, meaning that not a single wavelength is

30 +
2 5
25_ I:)5/2 D3
2 —))
D3/2 3
5
D
5 2
—~ 204 D,
] 5
e D,
o D
) i
© 15
X
) JI: SHEEEEE ElElelsgs s
o 104 5| 2 s3zclgRe  Fo 2EERBE
c < < So[B|o|v|c|e 7° 585|338~|% E
Ll F1 /75
F
e 5
2 7|:
54 7F3 /74
7, F3
, F, /7F
7
F7/2 Fs é’Fj
. 1 2 7 7
0 Fss Fe Fo
3 3 3
ce™ Tb™ Eu™

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+, Th3+ 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),*4 Tb yields green
emission (544 nm)“3% and Eu a red one (616 nm).[46]

Due to the precise conditions required for the optical activation of RE
ions, the doping,[3¢l fabrication process[*” or hosting materiall37.48-50]
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
1llumination 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
1s 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).[

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 3.9x106 and 5.5X10¢ EdJ per year, whereas the total energy
produced was ~617 EJ in 2019.652531 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).[>¥ 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.
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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.

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.[?5) 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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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.’®”

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
um). 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 (CulnGaSe) and amorphous Si.[5859 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, AIN, 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 SiO: for improved absorption of high
energy photons and a Si substrate for the low energy photons
absorption, as presented in Figure 2.7.

LowE HighE Figure 2.7. Schematic of an all-Si
tandem solar cell with Si nanocrystals
| L | Si02 and crystalline Si for absorbing
coeodeceoh o different parts of the spectrum more
Ao o000 .[. A O . efficiently.
ceodoecooboose, Si

o 0 o0 ® 6 0606 0 00 Ncs

Si substrate
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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,[6467 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).0681 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.[®) explained how
memristance took place at the nanoscale under electrical stress applied
to different materials and particularly in TiOs.

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 O or 1
in a new kind of memories known as resistive random-access memory

do = L-di Figure 2.9. Deduction of the
existence of the memristor by Leon
Chua.l68l  In clockwise direction,
starting at the top, are represented the
inductor, the memristor, the capacitor
€ and the resistor; with their respective
é mathematical relations.

dv = R-di
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2.4. Resistive switching devices for optoelectronics

(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.[’"-74 Table 2.1 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.

r s
T - recet |
jinese lec LRS lec
A S, - - -
Set Set ;
Pnstms Pristine
HRS \Y; HRS Vv
i LRS
4]
R F— . ]
Reset % ;
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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Table 2.I. Resistive switching mechanisms, highlighting those most
reported, their operation and the significance of redox-related chemical effects.

Ferromagnetic tunneling

Magnetorresistive Memory effect
Phase Change Memory (PCM) Effect

Resisti Thermochemical Memory Effect Bipolar
esistive

switching | Valence Change Memory (VCM) Effect Redox-related
mechanisms

Electrochemical Metallization (ECM) Effect

Unipolar

Electrostatic/Electronic Effects

Molecular Switching Effects

Nanomechanical Memory Effect

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 O% 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 O% 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 O% 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
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M

ELECTROFORMING

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.

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(1377 and thus,
that around 20 of them could be necessary to change the state of a large
460%460 pm? device.l’8 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
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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.[?

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.l8® 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 i1s 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.87-881 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,878% 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

36



2.4. Resistive switching devices for optoelectronics

effect is combined with those previously described in this section (light
emitting and photovoltaic devices). This requires transparent
conductive oxide (T'CO)-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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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 Microelectronica de
Barcelona - Centro Nacional de Microelectrénica (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

45



Materials and Methods

sputtering proved to be convenient for both rare-earth doping during
the deposition process and as a way to produce intrinsically defective
7Zn0 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 SiOz2 is no longer part of the final devices in nanoelectronics
after being substituted by high-k dielectrics (HfO2, ZrOs, etc.), other
research areas still use it for its combination of electrical and optical
properties. Along the different works presented in this Doctoral Thesis,
Si02 has served different purposes: as a protection layer against
diffusion of atoms (Paper IIl); 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 Si02 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
1s 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 x
104 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., Oz, 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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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.

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-1X)
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 I'TO/15%(Al/Tb/Al/S102)/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).
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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.

Heater Substrate

Ar o
—_— .‘.' O Pe0 o, , Plasma
o @ ¢ 0500, electrodes

Target ll— Magnets

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.

49



Materials and Methods

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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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.

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 fiir Mikrosystemtechnik (IMTEK,
Albert-Ludwigs Universitat, 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 SiO:z 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
SisN4 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 laver 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.
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Figure 3.4. The four steps in the cycle of deposition of ZnO via ALD. (a)
The chamber is purged of remaining water (and C2Hse) and the surface is left
functionalized with OH groups. (b) DEZ enters the chamber and reacts with
the OH. (¢) Chamber is purged of residual DEZ and C2He, and deposition

surface is CHs terminated. (d) Water enters and reacts.

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
7Zn0 as a high quality transparent conductive oxide.[!! 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 fiir Mikrosystemtechnik IMTEK, Albert-
Ludwigs Universitat, Freiburg, Germany), using a commercial “OpAL”
Oxford Instruments system. For the growth of ZnO, the precursors
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employed are diethylzinc [DEZ, Zn(C2Hs5)2] and water, following Figure
3.4 and the reaction:

Zn(CyHs), + H,0 — Zn0 + 2 C,H, (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-um diameter circular shape.

3.3. Characterization technigues

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.

3.3.1.0ptical 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, vreflection, 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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Figure 3.5. Main interaction processes of incident light with a material,
including transmission, reflection, scattering, absorption and emission.

Reflected

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 1s 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),
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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).

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.
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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.

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
1s 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:
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_ he __ 1239.5[eV-nm]
E = 2 EleV] ~ b 3.2)
where A is Planck’s constant, c is the speed of light in vacuum, ¢ is the

elementary charge and A 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, dA, is not of
equal to that corresponding to the energy spectrum, dE. The additional
transformation required is (from conservation of energy):

dl (1) dA = —dI (E) dE
U

I (2) = —dl (E) % = —dl (E)%(%) = dI (E)

1239.5 [eV-nm]
22 [nm?] ’

(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(¢) or I(¢), 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-um
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
1s 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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Figure 3.8. Energy band diagram of an ideal MOS structure with a p-type
semiconductor in (a) flat band, (b) accumulation, (¢) depletion and (d)
inversion conditions.

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.[!

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
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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.

q¢s N

o N Fowler-Nordheim (at high V)
N Direct tunneling

N —— —
s _)Trap—assisted tunneling

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 (q¢B) and the traps in the dielectric (g¢r) are also
indicated.

¢ 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:

. —a(¢p-VaE/4mereo)
Jsen(T, E) = =2 (gTye ot : (3.4)
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where < is the current density, g is the electron charge, ks is the
Boltzmann’s constant, m* is the effective electron mass in the dielectric,
h is the Planck’s constant, 7T is the absolute temperature, q¢s is the
Schottky barrier height, E is the electric field across the dielectric, & is
the dielectric constant, and go is the permittivity of vacuum.

e 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:

; 2 (I 32— (ps-Ba)? 7]}

3hE

Jor(E) = 1 . (3.5)

smh|ps /2~ (pp-Ed)/?]
where d 1s the dielectric thickness.
e 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:

-8n(2qm;
q3E2 TL’( qu)¢B3/2

JvE) = g ’ (3.6)

where m7" is the effective mass of electrons due to the reduced dielectric
thickness.

e 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:

8m/2qm*¢t3/z

JTAT(E>=‘;—’Z‘e<‘ e 0") (3.7)
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where N is the density of traps, 7 is the time between tunneling events
(capture and emission times added together), and ¢: 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

&) >
x TTeell J Hopping conduction
a ¥

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 (q¢p7) and mean hopping distance (a) are also
indicated.

e 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:
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b¢—|q3E/(mereg)
Jor(T,E) = quN¢Ee ° : (3.9)

where u 1s the electronic drift mobility and Nc is the density of states of
the conduction band.

e 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:

an—Ea)

Ju(T,E) = qanve< kpT (3.10)

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

e 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 < Vrr), injected electrons are fewer
than the thermally-generated free electrons (no) 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 (Vir < V < VrrL) 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> VrrL), 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:

v
Jonm = qno#;:forV <Vrg, (3.11)
_9 N¢ (;—E;l~) &
JrrL = gHereo € B E,for Vir <V < Vrp , and (3.12)
9 V2
Jscre = gHereo 5, for V-> Vrpy (3.13)
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where gnis 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

PC ] Agilent
(Control/Record) B1500A
I cCD I IMultimeter I( ................ PMT
A
Monochromator ] S

Microscope Electrical
i probes (x4)

Probe Sample

station | |

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
1s 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 m2), 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 1is 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:
EQE _ EQE

IQE = "4 1-T-R’

(3.20)

It should be noted that usually devices are opaque and thus there is
no transmission (7' = 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:

1239.5 [eV-nm]
A [nm] ’

EQE(A) = SR(A) - % = SR(A) - (3.21)
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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/SiOs.

4.1. Rare earth-doped ZnO

Zn0O 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.
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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/AlSiOgz). 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, Th and Ce were fabricated at the
Center of Research on lons, 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 Th3* and Eu?* had been independently reported
previously,2l 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 Th 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, ZnsSi0q silicate crystallizes at the bottom, being the signals of ZnO
lost; and ThxEuySivOw 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
7Zn0 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 Tbh3* 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 Th3* 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 Th3* using 488 nm for a
sample annealed at 1100 °C remarks the process of energy transfer to
Eu?* 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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ARTICLE INFOQ ABSTRACT

Keywords: (Tb, Tu) co-doped Zno films with about 3 at.% total doping rate were grown by magnetron sputtering on Si
Magnetron sputlering substrate. Post annealing treatments were performed at 973-1373 K in continuous nitrogen flow (o investigale
Z£n0 thin film

the transformation of microstructural and optical characteristics by means of X-ray diffraction, transmission
electron microscopy, photoluminescence and electroluminescence. For annealing temperatures lower than 1073
K, segregation of Eu and Tb was observed mainly at the film/substrate junction. For temperatures higher than
1173 K, additional phases appeared, namely, ZngSi0y and rare earth silicates. For the highest temperature
investigated (1373 K), only silica and rare earth silicates remained in the film due to Zn evaporation. PL mea-
surements indicated a very intense o emission associated with the presence of rare carth silicate inclusions,
Energy transfer from Th towards Eu was evidenced in this secondary phase. At last, based on these preliminary
works, a (Th, Tu) eo-doped Zn0/8i clectrolumineseent structure was produced and showed very promising re-
sulls paving the way for very thin Zn0) based light emitting diodes.

1. Introduction as light emitting diodes for lighting or associated to energy conversion
(down conversion, dewn shifting or up conversion) in photovoltaic

ZnO is a well-known wicde band-gap (3.3-3.4 eV) semiconductor structures. The photoluminescence (PL) effect is due to internal d-f

suitable for many applications in the optoelectronic industry such as
optieal sensors and light emitting diodes (LEDs) but alse in other
emerging fields [1]. Incleed], its attractive physical properties combined
with the fact that the ZnO growth is relatively simple at various scales
using different growth techniques (sol gel [2], MOCVD [3], PLD [4],
MBE [5], ALD [&], sputtering [ 7] methods for bulk and films and various
chemical synthesis approaches where Zn salts are combined with bases)
make this material the object of many studies during the last decades. In
addition, relevant doping can lead to interesting optical functicnalities
which are currently achieved with more expensive and/or hazardous
materials such as indium tin oxide [2] or gallium nitride [9].

Rare earth (RE) doping is often linked to optical functionalities such

* Cotresponding author.
E-meal address: clement.gnillavme@ensicacn. i (€, Guillaume).

https://doi.org/10.1016 /j.apsuse. 2021149754

electronic transitions in the RE elements and when they are present in a
transparent matrix such as ZnO, optical properties may be exploitable.
Among these lanthanicdes, much attention is paidl to terbium (Tbh) ancd
europium (Eu). Most of the time, these lanthanides have predominantly
a 3" valence state in ZnO. Th ions can also have a 4 valence, but this
latter does not lead to a radiative recombination [10]. Eu ions can
possess a 2 oxidation state (EuQ and EuSiCs phases) upen high
annealing temperature, leading to an UV broad band emission [11].
Eu?' hasbeen found in ZnQ, but its PL signature is inefficient by contrast
to that of the Eu®~ counterpart [12].

In previous works, Tb doped ZnO films revealed that an energy
transfer from ZnO host to Tb' is possible and allews an optimal
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emission of Tb®" upon an annealing close to 873 K [12,13]. Energy
transfer from ZnO host to Eu’ ™ is also explained by wansfer mechanisms
via Zm; and Vg, defects [14] and annealing treatment at temperatures
close to 873 K is improving this RE emission as well [15]. However,
these energy transfers are often qualified in the literature as non-
efficient [15,16]. Recently, a study of ZnO:Tb (3 at.%), Eu (<1 at.
%)/Si and ZnO:Tb (3 at.%), Eu (<1 at.%)/alumina films of about 800 nm
thick and annealed at 1173 K has been performed [17]. The authors
demonstrated the formation of Tb oxide at the grain boundaries between
the ZnO columns (columnar growth) within the film and the formation
of zine silicate and rare earth silicate at the bottom of the film in the case
of the Si substrate. No aluminate phase was observed in the annealed
structure grown on the alumina substrate. Two families of PL peaks were
identified: a broader one coming from the Tb oxide inclusions, and
sharper ones originating from the rare earth silicates. An energy transfer
from Tb towards Eu was also mentioned.

Regarding ZnO:Th,Eu films, a PL study on anneal teatments up to
1373 K was carried out revealing a very intense emission of Eu>* upon
the anneal reatment at the highest temperature. A possible explanation
is given by an efficient energy transfer from Tb®>* to Eu®" in a matrix of
Willemite (ZnySiO4) [7]. As mentioned in previous works performed on
ZnO:RE layers, most of the lanthanides tend to diffuse out of the ZnO
matix upon annealing and create secondary phases inside the film at
high temperatures (from 1173 K) [18]. This diffusion process occurs
from a few hundreds of degrees Celsius. But only a few studies dealt with
the behavior of Tb and Eu doped ZnO thin films (about 150 nm thick)
deposited on Si and exposed to extreme temperatures (up to 1373 K).
The purpose of this work is to bring more insight on the various phases
formed in doped ZnO films upon severe post anneal treatments and their
associated luminescence properties. A complete study of the evolution of
microstructural and optical properties with the annealing temperature
for (Tb, Eu)-co-doped ZnO/Si junction is presented in this work. X-ray
diffraction, wansmission electron microscopy and energy dispersive X
Ray spectroscopy are used for microstructural characterizations and PL
results are analyzed to understand the origin of the observed emissions
as well as their evolution with the annealing temperature value. A
special attention is focused on the microstuctural evolution of the film
and their consequences in the PL response for the highest annealing
temperatures (1273 K and 1373 K) for which secondary phases are ob-
tained. A very recent microstructural study has been carried out on RE
silicate inclusions in similar films (annealed at 1373 K) and the RE
distribution in the oxyapatite cell is discussed [19].

The efficiency of PL emission of rare earths in ZnO is usually low, but
ZnO, being a rather good conducting oxide, offers another perspective
such as the electrical excitation of RE doped ZnO-based junctions [20].
Indeed, due to the presence of a significant amount of RE dopants uni-
formly distributed at the level of the junction upon moderate thermal
treatments, ZnO:Tb,Eu/Si junction could be an interesting structure for
electroluminescence (EL). In this paper, a LED structure based on Tb and
Eu doped ZnO/Si materials is also considered to determine whether a
150 nm doped ZnO film with only a few at.% doping grown on an Si
substrate could be feasible. If this is the case, in principle, by producinga
stack of three layers respectively doped with different RE elements
providing red, green and blue emissions, a white LED structure could be
achieved and could pave the way to a cheap structure for lighting
functionalities.

2. Experimental details

The films were elaborated by a bottom-up radio frequency magne-
tron sputtering setup equipped with two separate targets and tempera-
ture controlled 2-inch wafer holders. All the films were grown on (001)
oriented 2 in. 8i substrates. Film deposition was performed using argon
plasma, a chamber vacuum pressure of 15 pbar, a power density fixed at
1.95 W.em 2 and a substrate temperature value of 373 K. The holder/
target distance was set at 7 em. The target was composed of a pure 4 in.
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Zn0 target on the top of which 4 Tb4O; and 10 Eu,Oj3 calibrated pellets
were placed. Several preliminary experiments were carried out in order
to correlate the number of pellets with the corresponding doping rate
and the above mentioned configuration gave rise to 1.6 at.% and 1.3 at.
% for Tb and Eu concentrations, respectively. These values were ob-
tained by energy dispersive X Ray (EDX) spectroscopy measurements
with a JSM6400 JEOL scarning electron microscope for as deposited
films of about 1.5 pm thick to make sure that the excited volume by the
electron beam came only from the film and not from the substrate.
Except for this specific measurement, all the films discussed in the
structural and PL sections were 150 nm thick and the film dedicated to
the electroluminescence experiment was 65 nm thick.

Wafers were cut in regular squared pieces (about 1 em x 1 em) and
annealing treatments of the films were performed in a conventional
furnace at T°4 = 973-1373 K with a step of 100 K during 1 h in a
continuous nitrogen flow. The samples were left in the furnace for the
cooling down to room temperature.

Stuctural and microstructural investigations were conducted using
Xray diffraction and transmission electron microscopy (TEM) tech-
niques. X-ray diffraction diagrams were acquired with a D8 Bruker
Discover diffractometer, using a Cu (Age; = 1.5406 A) source, in Bragg
Brentano configuration (6-28). TEM observations in various modes were
performed with a double corrected (probe and imaging) JEOL ARM200F
microscope equipped with a cold FEG (Field Emission Gun) source
operated at 200 kV. With this microscope, a point to point resolution of
the order of 1.0 A could bereached in high resolution mode (HRTEM). In
addition, it was equipped with a scanning system (STEM) which offered
the possibility to take chemical contrast images (resolution of 0.78 &)
owing to a high angle annular dark field (HAADF) detector as well as
STEM EDX chemical mapping at a nanometer scale owing to a CEN-
TURIO JEOL EDX spectrometer. The thin foils for TEM observations
were prepared by a focused ion beam system (FEI HELIOS NanoLab 660)
and prior to the thinning with a gallium beam, the top surface of the film
was protected with a thin carbon film (a few tens of nm thick) and two
platinum layers, one deposited electronically and the final one grown
with the ion beam (a few microns thick in total).

Regarding optical properties, three laser sources were chosen for
photoluminescence measurements. A laser diode at 266 nm, an argon
laser at 488 nm and a frequency-doubled Nd:YAG laser at 532 nm
wavelength have been used. The power density values were 2.6 W cm 2
and 50.9 W em 2 for the first two lasers, respectively. Far the third one,
the beam went through the objective of a microscope with a x50
magnification. The beam diameter was estimated at 0.87 pm. The den-
sity power was close to 410 kW cm 2 Such a power density represents
approximately a factor of 1.6 10° compared to the laser used for
Mexeitation = 206 nm (2.6 W cm 2, Considering this high power density,
preliminary measurements for low power densities were carried out by
incrementing, using filters, from low power densities up to 410 kW
cm 2 These latter measurements showed that there was no local
annealing effect of the beam on the excited part of the film. Finally, note
that cathodoluminescence results were also obtained, but the very low
signal recorded did not permit to present and analyse properly these
data for all the annealing temperature values.

For elecooluminescent experiments, electrical contacts were pro-
duced by the Department of biomedical and electronic engineering at
the University of Barcelona (MIND-IN2UB). Top transparent and highly
conductive contacts were composed of ZnO cylinders of 100 nm height
and 0.5 mm in diameter, deposited on the ZnO:Tb,Eu film via atomic-
layer-deposition (ALD) with a substwate temperature of 473 K. The
bottom contact deposited on Siwas a 200 nm thick layer of Al, Current-
voltage characteristic [{(V)] and electroluminescent spectra were real-
ized using an Agilent B1500A semiconductor device analyzer for I(V)
measurements. Electroluminescence spectra of the device were acquired
through the microscope channel, in optical mode with a CCD camera.
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3. Structural properties
3.1. X-ray diffraction characterizations

To have a clearer picture of the various phase contributions, we have
presented the XRD results by separating the data in three different angle
ranges. Fig. 1 shows XRD diagrams of ZnO:Tb (1.6 at.%), Eu (1.3 at.%)
films for various annealing temperatures (T°,) and focused on the peak
position corresponding to the (0002) planes of ZnO (from 28 = 33,5° up
to 35%). The reference value for bulk ZnO is indicated by the green
vertical straight line. A significant difference (about 0.48°) is observed
between the angular position of the (0002) peak for the as-deposited
film and that of the reference. This shift means an increase of the ¢
parameter of about 1.3%. It can be noted that the (0002) peak of the as-
deposited film is relatively broad. For the films annealed at 973 K and
1173 K, the angular deviations are about —0.07° and + 0.08°, respec-
tively, revealing a variation in the ¢ parameter of about + 0.19% and
—0.23%, respectively. For T° 4 = 1273 K, the (0002) peak intensity falls
down and disappears, in favor of a thombohedral structure with the
parameters a = b = 13.95 A and ¢ = 9.32 A, consistent with Willemite
Zn,Si04 and the appearance of the comresponding (41-50) planes.
Interestingly, for the highest temperature (1373 K) the ZnO and Zn,Si0O4
signatures have disappeared. The average grain size of the films,
calculated using the Scherrer equation following the [0002] axis, in-
creases with T°, from 21 nm for the as-deposited film, up to 23 nm for
the 973 K annealed film and 40 nm for 1173 K.

Fig. 2(a) and 2(b) are XRD diagrams of the same annealed ZnO:Tb,Eu
films for the angular ranges from 20.5° up to 33.5° and from 36° up to
60°, respectively. For T°4 = 1173 K, new peaks appear which are
consistent with the above mentioned zinc silicate phase (Zn»SiC4).
Another secondary phase is also detected by the presence of other peaks
at 26 = 21.82° ; 20.00° ; 31.82° ; 32.08° ; 39.90° ; 44.48° ; 48.72° ;
51.39° and 56.47°. These peaks are in good agreement with a RE silicate
namely Tb,EuySi, O in accordance with an apatite related phase. For
the highest annealing temperature T°4 = 1373 K, very sharp and intense
peaks associated to this so called apatite related phase prevail whereas
the peaks assigned to the Zn,8i0, phase have disappeared. More details
on this phase are given in the next section (TEM results).

TEM observations have been carried to confirm at a nanoscale these
previous results and to bring more details on the identification and
localization of the RE silicate phase whose growth is generated upon
thermal treatment from 1173 K but more obviously at T°4 = 1373 K.

3.0
ZnO reference (0002)
3448 M73K
4 (34.52)
973K
(34.37)
=2.01 Zn SiO, reference
(41-50)
b 33.98°

Counts (arb. u
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335 34.0 5 35.0
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Fig. 1. XRD patterns focused on the (0002) peak of ZnO recorded with Bragg-
Brentano configuration (8-28) of the Zn0:Th,Eu films versus T°a.
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3.2. Transmission electron microscopy observations

(Tb, Eu)-co-doped ZnO films, annealed at 973 K, 1273 Kand 1373 K
have been observed by TEM. Fig. 3 summarizes some TEM images for
the film annealed at 973 K. They correspond to cross sectional views of
the film alonga [110] direction of the Si substrate allowing the electron
beam to be parallel to the film/substrate interface. Fig. 3(a) and 3(b) are
bright field and high resclution (HR) TEM images, respectively. The Tb
and Eu co-doped films have a typical columnar structure of wurtzite Zno
as shown in Fig. 3(a) by the elongated vertical dark contrasts (Bragg
contrasts). The HRTEM image (Fig. 3(b)) is focused on the bottom part of
the film, where two amorphous sublayers of a few nanometers thick with
very different contrasts. The bottom layer with the brighter contrast
(about 3 nm thick) on the top of the substrate is a silica layer. The other
thinner layer with a darker contrast located on top of the silica is
enriched with Tb and Eu as demonstrated by the EDX chemical analysis.
Fig. 3(c) is a chemical profile of Tb and Eu along the orange line indi-
cated in Fig. 3(b). It clearly shows the RE enrichment over a thickness of
about 4 nm at the bottom of the film just above the silica layer. Fig. 3(d)
shows an image taken in STEM HAADF mode with chemical contrasts.
Except for the bottom part of the film (discussed previously), the uni-
form contrast across all the film suggests an homogeneous distribution
of the species. However, the STEM EDX Tb and Eu chemical maps in
Fig. 3(e) and 3(f) give more insight. The higher contrast at the bottom of
the film clearly visible for both maps confirm the segregation of the RE
elements mainly at the bottom of the film over a thickness of about 3—4
nm. This RE-enriched layer contains up to 5 at.% of Tb and 3 at.% of Eu.
It results from the post-annealing diffusion of RE ions at the film/sub-
strate interface. This diffusion created a RE depleted zone, just above the
REs enriched layer at the bottom of the film [Fig. 3(e-f)]. In the lower
part of the film, diffusion forces linked to the potential well of the
junction and/or the field of the space charge region of the junction
stimulates the segregation of dopants towards the substrate during
annealing [9]. Moreover, the lower part of the film close to the substrate
has a lower grain size than the upper part of the film favoring REs
diffusion owing to the grain boundaries [21].

Fig. 4(a) is a cross-sectional view (bright field TEM image) of the
ZnO:Tb,Eu film annealed at 1273 K, along the [110] direction of the Si
substrate. One can observe major changes compared to the film
annealed a 973 K. For instance, one can notice the presence of a mosty
crystallized phase at the bottom part of the film as evidenced by the
darker Bragg contrasts in some regions and covering the whole film (no
columns anymore). Furthermore, the chemical maps in Fig. 4(c-g) show
that this region of the film is composed of Zn, O and Si elements and it
contains a small amount of RE ions (0.6 at.% and 0.8 at.% for Tb and Eu,
respectively). The presence of Si within the wheole film (with about 16.0
at.%) is confirmed by Fig. 4(e). The formed phase in this bottom region
has been identified by the analysis of various Fast Fourier Transformed
(FFT) of high resolution TEM images as being Zn;SiO4 with a rhom-
boedral structure, the R-3 space group and the following lattice pa-
rameters a =b=13.95 Aand ¢ = 9.32 A. This result is in agreement with
the XRD data. In the upper part of the film, large grains of about 100 nm
size with a darker contrast are clearly visible. The chemical analysis of
these inclusions reveals a high content of Eu (7.3 at.%) and Tb (12.2 at.
%), as well as Si and O but a low content of Zn (Fig. 4(c-g)). The darker
contrastin Fig. 4(a) is thus partly explained by the Bragg contrast (due to
a crystalline phase) but also by a significant presence of RE (high Z
value) in these inclusions.

A typical bright field TEM image of the Tb and Eu silicate phase is
presented in Fig. 5(a), showing two Tb and Eu rich grains (grains 1 and
2). Fig. 5(b) is an HRTEM image of a region of grain 1. From different
zone axes and their corresponding Fast Fourier Transforms (FFTs), as
presented in Fig. 5(c) obtained from the high-resolution image of grain
1, a microstructural description can be made with a hexagonal apatite
parent structure for the TbyEuy81,0,, phase, in agreement with the XRD
data. Taking EDX data into account, the Tbyz2Euy38i160062,0
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Fig. 2. XRD patterns of the ZnO:Th,Eu films for various T°4 values and for the angular ranges from 20.57 to 33.5° (a) and from 36° to 60° (b).
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Fig. 3. (a) Conventional TEM image and (b) in high-resclution mode, of the ZnO:Th,Eu, film annealed at 973 K. (¢) Chemical profile of Th and Eu along the orange
line in (b, {d) STEM HAADF image and chemical maps for the Th (e) and Eu (f) elements. (For interpretation of the references to celour in this figure legend, the
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stoichiometry can be proposed for these inelusions. Note that several
EDX measurements were carried out on various inclusions and the re-
sults were very similar considering the errors (about 1 at.% for heavier
elements and up to 10% for lightest elements such as Oxygen).

Similar TEM observations have been realized for the film annealed at
1373 K. In the TEM image in Fig. 6(a), the region of the film observed is
composed of a larger grain than those observed at 1273 K with well-
defined facets and showing an hexagonal shape. It covers the entire
thickness of the film (about 140 mm) and reaches>200 nm for its largest
dimension lying in the film. Several grains of this kind have been
observed in the same TEM foils allowing the observation of several
microns. In the vicinity of this grain, an amorphous phase with a bright
contrast is present. The data from the EDX maps shown in Fig. 6(d) and &
(e) give the following stoichiometry: Sij 302, which is close to silica
(considering the uncertainty for ©) for the amorphous phase with an
additional 0.7 at.% of Zn, 1.1 at.% of Th and 1.3 at.% of Eu. Moreover,
crystallized Zn»Si04 is also formed in the film (not visible in the region

shown), in small proportion compared to the film annealed at 1273 K. As
for the film annealed at 1273 K, the chemical analysis shows within the
faceted grain, a significant amount of Tb of 11.0 at.% and Euof 8.6 at.%
as well as Si and O with 18.5 ar.% and 61.0 at.%, respectively. These
results reveal the evaporation of Zn upon extreme anneal reaunent.
Similarly to the previous annealing temperature, the ThyEu,Si, 0.
phase is identified from the FFT in Fig. 7(c) obtained from the HREM
image of a part of the grain (I'ig. 7(a)) shown in Fig. 7(b). Again, these
data are consistent with an hexagonal structure crystallizing with the
following cell parameters a~ b =~ 9.4 Aand e 6.9 A close 1o an apatite-
type swucture. The phase stoichiomeny is in favor of a Tb and Eu silicate
with the following chemical formula : Tbyq,0Eug,6Si18,5061,0. Note that a
distortion of this hexagonal lattice is detected with the variation of the
RE content (at 1373 K) as reported in another work on RE disilicate
RE;8i;07 depending on the nature of the RE [22]. A more detailed study
has been developed on the RE silicate microstructure in similar ZnO:Th,
Eu filins annealed at 1373 K in which the Eu and T ion distribution in
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Fig. 7. (a) HRTEM image of the ZnQ:Th,Eu film for T°,

Applied Surface Science 556 (2021) 149754

Th.Eu,Si,0.

1373 K. (h) Enlarged HRTEM Image from the squared region in red of the grain in figure (&). () Fast

Fourier Transform associated to the image in figure (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the weh version of

this article.)

the atomic eell is discussed [19], By comparison, the stoichiometry of
the grains formed in the film anmealed at T°4 = 1373 K is slightly
different from that obtained for the film annealed at 1273 K
{Tby, a8z 55116,006,0). With the raise of T°4 from 1273 K 10 1373 K, the
stoichiometry of this phase leads to a [Tb]/[Eu] ratio value evolving
from 1.67 down to 1.28. This latter value is close to 1.23 comresponding
to the value of this ratio for the as-deposited film with an homogeneous
distribution of the REs in the film, We conclude that for the extreme T4
value, the [Tb]/[Eu] ratio for the inclusions approaches the initial

dopant ratio,

3.3. Summary of the siructural properties

The results demonstrate the diffusion of Th and Eu and their segre-
gation in an amorphous layer of a few nanometers thick at the filin/
substrate interface just above the native silica layer for T° 4 =973 K. The
formations of zine silicate (ZnzSi0y) and apatite related (ThxEuySiuCy,)
inclusions are observed from T°4 = 1173 K. These phases resulting from
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the diffusion of §i in the film supplant the main ZnO phase at lower T°4
values. For T°y > 1173 K, the TbyEu,8i,0,, phase becomes dominant
within the film with an increasing grain size of a few hundred nano-
meters, while Zn,Si0y tends to disappear in favor of silica and zine
evaporates almost completely from the film during annealing at the
highest annealing temperature [23]. The [Tb]/[Eu] ratio decreases from
1.67 down to 1,28 for 1273 K and 1373 K, respectively. This last value is
close to the initial [Tb]/[Eu] value (1.23) for the as-grown state of the
film.

4, Photoluminescence properties

In this part, the PL properties of the ZnQ:Tb,Eu films are studied for
different laser excitations and different T*4 values. A particular attention
is paid to the emission of the Th and Eu-based phases as well as to the
interaction between these twa dopants,

Although the positions of the Tb and Eu energy levels may fluctuate
slightly from one matrix to another, an energy diagram is recalled in
Fig. &, for the wivalent ions of Th®" and Eu" in a LaCl marrix [24]. The
energy bands of ZnO are also specified. The three laser excitation
wavelengths (532 nm, 488 nm and 266 nm) used are also displayed by
colored arrows in order to highlight possible resonant levels with these
excitations.

Regarding the possible Eu?t positions in Zn0, some authors showed
that Eu™ can replace Zn®* jons in the ZnO matrix and it is possible to
excite Eu’" via the Zn; defects [28]. Other authors evoked the Eu®'
localization in an interstitial position in the Zn0O marrix [29,20]. In
addition, the signifieant difference in ionic radius between Zn”* (0.74 &)
and Ev®t (0.91 131) makes a substitution of Euy, difficult [31]. As far as
Th** is concemned, the same types of positions (substitution of Zn
|32,33], interstitial site, and grain boundaries) and activations as for
Eu’t are reported, via Zn0O defects such as Zny [34] or surface defects
[31]. Indeed, Th?* has an ionic radius elose to 0.92 1&, close to that of
Eu’*, and much larger than that of Zn>* (0.74 A). Thus, as for Eu®*, the
introduction of Th®*T in ZnO is possible but subject to an instabiliry
which explains the diffusion phenomena and segregation of these REs
outside the structure of ZnO during heat treatments.

4.1. Laser excitation above the ZnO conduction band

The PL measurements of the Zn0:Tb (1.6 at.%), Eu (1.3 at.%) films as
a function of the T°4 are presented in Fig. 9, for a 266 nm excitation
wavelength. Fig. 9(a) shows the PL response for all T°4 in the spectral
range from 360 nm up to 460 nm, whereas Fig. 9(b) and 9(c) display PL
spectra in the 450 nm — 750 nm speetral range for low (973, 1073 and
1173 K) and high T°4 (1273 and 1373 K) values, respectively.

4.1.1. Indirect excitation of RE via ZnO defects

For an excitation upwards of the ZnO gap, I'ig. 9(a) shows the
presence of the excitonic peak emission for T°4 = 1173 K (high intensity)
and 1273 K (low intensity). For the lowest T°, values, no emission is
abserved. For the highest T°4 values at 1273 K and more clearly at 1373
K, the exciton peak collapses, As demonsirated in the previous section,
the ZnQ:Tb,Eu film reacts with the Si substrate to form zine silicate
(Zny8i0,) and also Tb,Eu silicate (TbyEu,Si,0y). A concomitant disap
pearance of ZnO has also been noticed. It is therefore not surprising to
see a drop of the excitonic emission of Zn0. For T°4 = 1373 K (black
curve), a wide band is visible from 380 nn to 460 nm, and even until
550 nm in Fig. 9(c). This latter cannot be associated with ZnO defects at
such a T value since ZnO structure has totally disappeared. This broad
emission band could come from the divalent jon Eu?* and its associated
levels 4f°5d for which the emission wavelength is very sensitive to the
crystal field [35,30]. This emission of Eu®* could also have its origin in
the formation of a metastable silicate of the EuSiG3 type.

The PL intensity in the speciral range from 550 to 750 nm, corre-
sponding to the defects in ZnO [Fig. 9(b)], is very low but observable for
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Fig. 9. PL spectra of ZnO:Tb (1.6 at.%), Eu (1.6 at.2s) film for a laser excitation
at 266 nm, in the spectral range (a) from 360 to 460 nm and (b) from 450 t0
750 nm for the lower annealing temperatures and ic) for all T 5.

the film annealed at 1173 K. The main PL peaks at 545 nm and 620 nm
are those originaring from the Tb?* and Eu® ions, respectively (see
Fig. 8), In this spectral range, the PL intensity is dominated by the Tb**
emission for the as-deposited and 973 K annealed films [Fig, 9(b)] while
it mainly comes from the Eu’" ions for the highest annealing tempera
tures (Fig. 9(c)).

This particular behavior of the PL intensity with high thermal bud-
gets is explained as follows. The annealing generates the formation of
the TbyEu, 51,0y, phase and its presence seems to be at the origin of this
high intensity of PL of Eu”" jons. However, it is possible that zinc silicate
(Z1n55i04) with Tb and Eu doping to the extent of 1 at.% for each RE,
contributes in some extent to the emission of Tb®" and Eu®" [37].
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However, the volume occupied by this phase tends to decrease drasti-
cally with the evaporation of Zn. At T°4 = 1373 K, this phase is almost
completely replaced by a silica phase with about 1 at.% of Tb and 1 at.%
Eu doping [38], as noticed from XRD and TEM data, while the emission
of Eu®* remains dominant with an increase of about 20% (from T°4 =
1273 K to 1373 K). The Tb,Eu,Si Oy phase whose grain size has
increased with T°4 (Fig. 4(a) and 6(a)) seems to be the main reason of
this PL. intensity evolution of Eu®T.

Fig. 10(a) connects the integrated PL intensities of Tb®* and Eu®*
emissions from 475 up to 750 nm with the structural evolution of the
matrix containing the emitting REs, with respect to T°a. In Fig. 10(b),
only the intensities at 545 nm (Tb3+) and 620 nm (Eu3+) are plotted as a
function of T°4. Note that for T°4 = 1173 K, the PL signatures of the ZnO
defectsare still visible. We have subtracted these signals to keep only the
integrated PL intensities of the REs.

The plot in Fig. 10(a) shows a slight decrease in the integrated in-
tensity from 373 K up to 1073 K followed by an abrupt increase from
1073 Kup to 1373 K. Fig. 10(b) diseriminates the evolution of the two PL
peak intensities of Tb and Eu : the intensity of the main emission peak of
T (545 nm) decreases with T°4 and the main emission peak of Ed®t
(620 nm) increases suddenly for T°4 > 1173 K. Note that the 5D4-7F3
transition of Tb®* can also contribute to the intensity of the peak at 620
nm but in a much lesser extent.

4.1.2, FromT 4 =373 Kto 1073 K

The visible emission is governed by the signal from Tb®" and more
particularly, for the as-deposited film and with the T°4 increase until
1073K, this intensity decreases (Fig. 10(b)). It does not appear any Eu®*
emission for such T°4 values. The ZnO matrix is not conducive to an
excitation of Eu®* [12,30],

For the lowest T°4 values down to 1073 K (blue field in Fig. 10(a)),
the REs are mainly located within the host matrix. An homogeneous RE
distribution, more particularly for the as-deposited film, would favor the
emission of Tb®*. Atlow T°4, the Tb?* could be more excited via the ZnO
defects than in the case of Eu®>*. On the other hand, with the increase of
T4, the REs tend to diffuse from the ZnO matrix via the grain boundaries
first and then towards the film/substate interface [40]. The PL intensity
of Tb®™ tends to decrease with the annealing temperature, probably in
relation with the RE diffusion phenomena observed in TEM toward the
bottom part of the film untl T°4 = 1073 K (from 373 K up to 1073 K)
leading to a quenching of the PL intensity of Tb®*. This quenching is
possibly induced by resonant non-radiative energy transfers [41] be-
tween Tb>" jons due to their proximity. They excite each other and in-
crease the probabilities of non-radiative recombinations due to the
segregation of the species in an amorphous environment. An oxidation
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of Th®* to Tb*" can also be considered as mentioned by some authors
[10]. These 4™ valence ions are known in the literature to not lead to a
radiative emission and could be responsible for the disappearance of the
lumineseence of Th®* linked to its wide and smrong absorption band in
the visible region.

4.1.3. T4 =1173 K

We note that for T°4 = 1173 X, the emission of the main peak of Th3+
is observable at 545 nm. However, another peak around 620 nm of the
same intensity is also observed (Fig. 9(b)) which is normally a less
intense peak for Tb®". This difference in intensity may be due to a
change in the environment around Tb*" favoring both the emissions of
the 5D4-7F5 and l:‘D4-7F3 transitions of Tb®*. But it is more likely that this
emission is associated with the 5D0-7F2 transition of Ed®* at 620 nm
which is the main peak intensity of Eu®*, This last hypothesis is sup-
ported by shorter distances between REs by diffusion of Tb>* and Eu®*
towards the interfaces with the increase of T°, which leads to an acti-
vation of Eu®* by an efficient energy mansfer from Tb%* to Eu®* [42],
More importantly, it is most probable that the silicate phase described in
the structural properties sections and containing relatively high amount
of REs (TbEuySi,Oy) starts to form and leads to the emission of the REs
in a favorable crystal field. The atomic arrangement in the lattice im-
poses certain specific and periodic distances between Tb and Eu which
are in favor of an energy transfer from Tb towards Eu. These distances
are discussed in a forthcoming paper [19].

414 T°4>1173K

For T°4 = 1273 K and 1373 K, the disappearance of ZnO and the
increasing presence of the TbxEuy8i,O,, phase (increasing grain size) are
clearly demonstrated in the previous structural study. In this phase, Tb
and Eu are in relatively large quantities and the proximity of these two
REs (with precise and periodic distances in the oxyapatite lattice) within
the crystallized inclusions leads to an emission of Eu®" about 10 times
more intense than its Tb®>* counterpart. This configuration suggests an
efficient energy transfer from Tb3" to the benefit of Eu®* within these
TbyEuySi,Oy, crystallites.

4.1.5. Direct or indirect excitation of RE

Unfortunately, the low RE emissions in ZnO (T°4 < 1073 K) do not
allow PLE measurements to successfully determine and confirm the
origin of the RE excitation. Therefore, it is difficult to claim whether
there is a dominant indirect excitation of RE via ZnO host matrix (via
ZnO defects) or a direct excitation of RE upon optical stimulation.
Cathodoluminescence experiments (not shown) did not permit either to
discriminate an excitation process, because of the high energy

14
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Fig. 10. (a) Plot of integrated PL from 475 to 750 nm and (b) emission intensities at 545 nm and 620 nm versus T° 4 based on the PL spectra in Fig. 9(b and ¢) for an

excitation at 266 nm.
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excitation, However, we can notice that a direct excitation of Tb®* and
Eu®* at 266 nm is possible, as we can see it in the energy diagram of
Tb** and Eu®* in LaCl; (Fig. 8) and according to the work of Pavitra
etal. [43]. The absorption of Tb*+ neeurs at the 4£-5d band. For Eu ions,
an absorption band also exists in the blue/UV spectral region linked to
Eu?" which can lead to broad emission bands between 250 and 550 nm.
Another sharper absorption band between 200 nm and 350 nm is
associated with the charge transfer from 02~ to Eu®™, which can cause
emission of Eu®*, Energy transfers between the bands of Eu>* and those
of Eu®*-0?" are also possible [35].

At last, the TbyFuySiyOw phase seems to create a favorable mecha-
nism involving an absorption at 266 nm and a transfer of this energy to
the energy states of Th®*, Eu®" and possibly Eu?" in a lesser extent, for
which the emissions are observed [44].

4.2. Laser excitations below the ZnO conduction band

To further investigate the RE excitation process, a 532 nm excitation
source was also used to characterize the PL emission of the films and
more specifically the emission of Eu®" with the variation of T4, Indeed,
according to the energy diagram of Th®* and Eu®* in Fig, 8, it appears, at
a first glance, that for this excitation wavelength, only the transition
from the fundamental level “Fq of the Eu®* to the l:‘Dl level can be
directly excited [45].

The result of the PL measurements for the ZnO:Tb,Eu films as a
function of T°4 are presented in Fig. 11. The spectral range detection is
limited by our experimental system from 570 nm up to 850 nm.

We can observe the unique emission of Eu®" due to the direet exci-
tation at 532 nm. Tb®" is unlikely playing a role in the emission of the PL
spectra in Fig. 11(a, b). Surprisingly, the emission of Eu®* increases
overall with T°4 and reaches a maximum at 1073 K. For higher T°4
values, its intensity decreases gradually and seems to remain stable for
T°s = 1273 K and 1373 K with a better signature (sharper peaks) of the
Eu®" emission.

The Eu®" ions present in ZnO for the T°4 values < 1173 K are
therefore optically active even in the as-deposited film. Because of the
diffusion and segregation processes, Eu>" ions are mostly located at the
bottom of the film in solid solution without forming secondary phases
and a small amount is still present in the matrix. This result has been
shown by XPS profiles for ZnO:Eu films annealed at 1073 K [12]. All
Eu®* ions contribute to the signal and therising in the emission intensity
of Eu® with T°4 is most probably induced by the improvement of the
crystalline quality of the ZnO matrix which reduces the non-radiative
recombination mechanisms by the passivation of defects.

Beyond, for T°4 = 1173 K, 1273 K and 1373 K, the overall PL in-
tensity saturates and decreases slightly. This decrease in intensity could
be due to the lower volume of the REs rich inclusions compared to the
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whole volume of the film. Furthermore, for these annealing tempera-
tures, the peaks are better defined revealing the different contributions
of the sub-energy levels of the same multiplet. The observation of this
fine structure of the emission is rarely achievable at room temperature,
since the difference between these energy levels is less than the thermal
energy, kgT = 25 meV. The power density of 410 kW.cm 2 and the
relatively high emission intensity may explain the observation of these
peaks. Observing a change in the shape of these namrow peaks as a
function of T° 4 seems to indicate a modification of the local environment
around the Eu®" and particularly, a different and better erystallized
environment. Indeed, the environment of these ions went from a ZnO
matrix (in the grains and/or at grain boundaries) for the lowest T°4
values, toa silicate matrix such as the TbxEuySiy Oy, phase offering better
conditions for the emission of RE elements. The slight decrease of the
integrated intensity could also originate from the stoichiometry evolu-
tion between the inclusions formed at the highest temperatures. The
amount of Tb in the inelusions for 1373 K is less than that observed for
those formed upon ammealing at 1273 K. Consequendy, the energy
transfer from Tb toward Eu is thus reduced.

5. Highlight of an energy transfer from Tb>" to Eu®*

This part comes back on the energy transfer mechanism between
TH* and Eu®* in the TbyEu,Si,0,, phase in order to highlight it in more
detail. Indeed, from an excitation at 488 nm (with a power density of
50.9 W.cm 2), it is possible to excite Tb®>" from the fundamental level
Fg to the °D, excited level only. The Eu®* excitation seems to be un-
likely in this configuration [46].

PL measurements using an excitation at 488 nm have been per-
formed for the ZnO:Tb,Eu film annealed at 1373 K. The PL spectrum of
this sample is presented in Fig. 12.

Despite the direct excitation of Tb>*, no signal associated with this
RE isrecorded between 500 and 750 nm, not even the main emission of
T3+ which is usually located around 545 nm, as it can be observed in
Fig. 9(b). On the other hand, a swong emission of Eu’™ is observed. It is
centered mainly at about 620 nm and 700 nm. It occurs from the 5D4—7F4
(585 nm) and 5D4—7F5 (544 nm) transitions of Tb** to the 7F0—5D0 (580
nm) and 7F0—5D1 (535 nm) transitions of Bu®t [7,47]. Such a total energy
transfer, apparently very efficient in the TbyEuySi;Oy, phase from e+
to Eu>* was similarly observed (not shown) in a film containing 4.4
times more Tb®* than Eu®*.

5.1. Summary of the PL properties

In ZnO, the RE ions PL emissions are globally weak caused by a low
solubility of RE elements in this mawix [48]. The Tb3* emission is the
only RE emission observed in ZnO but it decreases when increasing T°4
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Fig. 11. PL spectra from 570 nm to 730 nm (&) and from 730 nm to 850 nm (b) of ZnO:Th,Eu films annealed at various T°, for a laser excitation at 532 nm.
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Fig. 12. PL spectrum of the ZnO:Tb,Eu film annealed at 1373 K for a laser
excitation at 488 nm.

with the out-diffusion of the RE from ZnO grains. From T°4 = 1173 K,
the Tb,EuySivOw phase is forming, giving rise to a dominant Eu®* PL
emission. The energy transfer from Tb®* to FEu®* was confirmed by
direct excitation of Th>* at 488 nm showing an efficient and total energy
transfer from Tb?* to Eu®" in the TbxEu,Si,Oy phase by contrast in ZnO
matrix.

6. Light emitting diode

Considering the results presented above, a LED device has been
achieved from the ZnO:Tb,Eu/Si(n) structure annealed at 973 K. Indeed,
for this T°4 value, in addition to the rather good quality of ZnO, the
presence of a significant amount of REs at the Zn0O/Si junction and just
above the thin silica layer is potentially favorable for an emitting source
via electrical excitation. For higher T°4, the relatively important volume
of resistive silica and the inhomogeneous diswibution of TbyEuySiyOy
inclusions in the film make difficult the elaboration of such a LED
device.

The ZnO: Th,Eu layer used for the LED structure hasa thickness of 65
nm. Al and ZnO materials have been used to obtain ohmic contacts on Si
and ZnO:RE, respectively. The forward bias voltage is defined as shown
in the diagram in Fig. 13(a). A typical diode behavior is observed for this
device in Fig. 13(b).

In Fig. 14, the EL specta show quite intense electroluminescence
spectra of Th®* and Eu®* cbtained for various current values from 100
LA Up to 1 MA in forward bias voltage. Eu®* emission is the most intense
suggesting an energy transfer between the REs. Note that these RE
emissions are visible to the naked eye. RE excitation mechanism has
been investigated and discussed in a recent published paper [49].

ZnO:RE
75um Siln) substrate
200 nm Al

- V>0
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Fig. 14. Electroluminescence spectrum of the ZnO:Th,Eu/Si(n) junction
annealed at 973 K.

7. Conclusion

ZnQO films (150 nm thick) with Tb (1.6 at%) and Eu (1.3 at%)
codoping rates have been produced successfully by radiofrequency
magnetron sputtering on (100) oriented Si substrates and the effects of
post annealing treatment at extreme temperatures have been studied.
The thermal treatment induced an RE out-diffusion from the matrix, an
accumulation of RE at the film/substrate interface is observed. The
annealing and the RE out-diffusion participated to an improvement of
the crystalline quality of the ZnO matrix between the as-deposited films
and those annealed for T°a < 973 K. Regarding the PL properties, a weak
emission of RE in ZnO has been noticed. It is explained by an unstable
insertion of Tb and Eu into the ZnO matrix, due to their ionic diameters
greater than Zn2*, Therefore, they diffuse more easily at grain bound-
aries and at the film interfaces upon thermal weatments. For low T°4
values (<1173 K), only TH%* isable to emit (for an excitation at 266 mmm).
However, a quenching phenomenon appeared when it diffuses and
segregates at the bottom of the film without formation of secondary
phases. Eu®* is optieally active by direct excitation at 532 nm.

For higher T°4 values up to 1373 K, the Si substrate reacted with the
RE doped ZnO films, zinc silicate (ZnpSiO4) and Th,Eu,Si O, apatite
related inclusions of a few hundreds of nanometers were identified by
XRD and TEM observations., Zinc silicate volume decreased with
increasing temperature as the zine evaporates, leaving only RE silicate
and silica phases in the film. TbyEu,SiyOy, phase is considered as the
main emitting phase of our films. The PL spectrum is dominated by the
Eu®* signal. The presence of Eu" is also observed in PL (excitation at
266 nm) for T°4 = 1373 K, as well as a weak Tb%* emission (excitation at
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Fig. 13. LED device based on the ZnO:Th,Eu/Si(n) heterojunction annealed at 973 K in forward bias voltage (a) and the corresponding I1(V) diode behavior (b).
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266 nm). Contrary to what was mentioned in previous works [7], it is
most probable that zine silicate doped with Tb and/or Eu plays a minor
role in this emission because the RE contents in this phase is low (<1 at.
%) and furthermore, this phase mostly disappears at 1373 K, with the
concomitant Zn evaporation. A direct laser excitation of Eu®* at 532 nm
induced the higher emission intensity for Ev®t in the ThbyEuySiyOy
phase. And for a direct excitation at 488 nm of Tb%", a total energy
transfer to Eu®" is attested in the TbyEuy81,0y, phase. The TbyEuySiyOy
phase obtained for the highest T°4 is thus very interesting in terms of
emission intensity for Tb®* and Eu®* and for the effieient energy transfer
from Th%* to Eu®t. Therefore, this phase would be of considerable in-
terest for an electroluminescent device. Unfortunately, in our case, the
quality of the film is deteriorated upon high post annealing temperatures
(presence of Tb;EuySiyOy inclusions embedded in a silica matrix) such
that these films seem irrelevant for good conducting abilities. Finally,
the films annealed at 973 K appear as a good candidate for elecwolu-
minescent applications. Indeed, for this temperature, we have a good
struetural quality of the matrix combined with a moderate diffusion of
REs at the film/substrate interface. We have clearly shown that the
presence of a relatively high concentrations of REs at the junction
interface between n-type ZnO:RE and doped Si (without formation of
secondary phases) can give rise to interesting excitation phenomena by
injections of carriers.
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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:

=  7ZnO doped with cerium, for blue emission.

=  7ZnO doped with terbium, for green emission.

=  7ZnO 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 Eu?*, 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
1ons.[Y 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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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.

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-, Th-
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, (i1) a trap-assisted
conduction through the traps, and (ii1)) 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.
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Figure 4.2. Images of the four
RE-doped ZnO devices. Dopants,
from left to right, and from top to
bottom: Ce, Tbh, Tb/Eu and the
three-layer stack.

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 Th3+ and Eu3* electronic transitions for
the samples doped with Th and Eu/Tb, respectively. For the latter,
whereas Eu3* emission is dominant, the emission of Th3* 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 Ce** 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 Eu?*, 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).
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Abstract

CrossMark

By using ZnO thin films doped with Ce, Tb or Eu, deposited via radiofrequency magnetron
sputtering, we have developed monochromatic (blue, green and red, respectively) light emitting
devices (LEDs). The rare earth ions introduced with doping rates lower than 2% exhibit narrow
and intense emission peaks due to electronic transitions in relaxation processes induced after
electrical excitation. This study proves zinc oxide to be a good host for these elements, its high
conductivity and optical transparency in the visible range being as well exploited as top
transparent electrode. After structural characterization of the different doped layers, a device
structure with intense electroluminescence is presented, modeled, and electrically and optically
characterized. The different emission spectra obtained are compared in a chromatic diagram,
providing a reference for future works with similar devices. The results hereby presented
demonstrate three operating monochromatic LEDs, as well as a combination of the three species
into another one, with a simply-designed structure compatible with current Si technology and

demonstrating an integrated red-green-blue emission.

Keywords: light emitting devices, electroluminescence, rare earths, RGB, ZnO

(Some figures may appear in colour only in the online journal)

1. Introduction

For decades now, zinc oxide (ZnO) has attracted much atten-
tion of a large part of the optoelectronics research community.
This well-known transition metal oxide exhibits a wurzite
structure, a direct bandgap with an energy of 3.4 eV and a
large exciton binding energy (60 meV) [1], making this mater-
ial suitable for many applications including thin film transist-
ors, light emitters, detectors and gas sensors [2, 3]. Its high
transparency to visible light (>80%) and good conductivity
(~+100 ! em™1) have also made it a promising transparent

* Author to whom any correspondence should be addressed.

1361-6528/20/465207+10$33.00

conductive oxide, boosted in many cases by the doping of ele-
ments like Al, which further increases its conductivity while
maintaining a high transparency [4, 5]. In the context of light
emission, it has been compared to gallium nitride (GaN), as
they both arrange in the same crystalline structure and present
very similar bandgap energy although they significantly differ
in exciton binding energy, 25 meV for GaN, which in principle
makes ZnO more suitable for light emission. The advantage
of GaN over ZnO comes in the easier fabrication of p-type
films, the tunability of the bandgap (and thus light emission
energy) from the ultraviolet (UV) to the near IR when alloyed
with In and/or Al (InAlGaN alloys) and the lower sensibil-
ity to defects and dislocations as non-radiative recombination
centers [6]. Nevertheless, both the abundance of Zn compared

©2020 [OP Publishing Ltd  Printed in the UK
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to Ga and higher exciton stability of ZnO at room temperat-
ure, together with its non-toxicity, still make ZnO relevant for
optoelectronic applications.

In the case of ZnO, it is a semiconductor that intrinsically
presents oxygen vacancies (V,) and zinc interstitials (Zn;) that
act as donor impurities [7], being possible to control them dur-
ing the fabrication or posterior annealing processes. This par-
ticularity is of special interest for producing good n-type ZnO
layers, further enhanced by doping with group-III elements
such as Al, Ga and In as substitutes for Zn sites or group-VII
elements such as Cl and I, as substitutes for O ones. Neverthe-
less, reliable p-type layers remain a major challenge because of
the self-compensation from those native donor defects. Some
efforts have been done in this direction using group-I (substi-
tutes for Zn) or group-V (for O) elements, or by alloying it with
Mg [8, 9]. Therefore, the achievement of electroluminescence
devices based on a ZnO p-n junction still has to overcome this
issue.

Due to this last limitation, different strategies for pro-
ducing ZnO-based light emitting devices (LEDs) have been
researched, including defect engineering [10], nanostructur-
ing [11] or the doping with already optically-active centers.
In this context, rare earth (RE) elements have demonstrated
over decades outstanding optical and electroluminescent (EL)
properties [12]. Among all these, it is especially notable the
intense, stable and narrow emission they present, the differ-
ent RE species covering a wide range of the electromagnetic
spectrum, sparnning from the near-infrared (NIR) to UV [13].
Their hosting material specially affects the scattering of the
emission, which is larger for polycrystalline and amorphous
materials and weaker for crystalline matrices. RE elements are
being employed by the industry for the fabrication of LEDs as
part of phosphorescent stacks in an optical down conversion
process. Additionally, the suitability of different host matrices
[12, 14, 15], including ZnO [16-19], for hosting optically-
active RE dopants has been extensively proven in the past,
aiming at profiting from their emission after electrical excit-
ation.

The emission process in RE is due to the electronic trans-
itions within the inner f-shell of these elements (from the 4th
or 5th levels for lanthanides and actinides, respectively), lead-
ing to photon emission with an energy dependent on those
transitions. Initially, RE elements have their outer f-shell par-
tially filled. In a Cy4y configuration they have a +3-valence
state as a result of the loss of the two electrons from the outer
s-shell and one from the partially filled f-shell. This valence
state is possible in ZnO-doped films when the RE ions occupy
Znsites [19]. In this configuration, excited lanthanide ions can
relax through the predominant intra-4f (practically independ-
ent on the local environment) and 5d-to-4f (quite sensitive to
the matrix and local environment) electronic transitions [20—
22], leading to intense narrow emission peaks.

Regarding research in the field of LEDs, of particular
interest would result the finding of a red-green-blue (RGB)
system able to be employed as full-color light source. Bearing
this objective in mind, in this work we have studied three of
these RE elements: europium (Eu), terbium (Tb) and cerium
(Ce). Infigure 1, the main electronic transitions involved in the

emission of these three elements are represented [16, 23, 24].
Please note that the most probable transitions, thus resulting
in most intense emissions, are indicated in color referring to
their apparent color: blue for Ce>t (464 nm), green for Th*+
(544 nm) and red for Eut (616 nm).

Due to the precise conditions required for the optical activ-
ation of RE ions, the doping [17], fabrication process [25]
or local environment [18, 26-28] become critical factors to
obtain reliable devices that take profit of their luminescent
properties. In this work, we have fabricated RE-doped ZnO
layers by radiofrequency (RF) magnetron sputtering onto n-
type Si substrates, with an atomic-layer-deposited (ALD) ZnO
as top transparent electrode. Three different RE-species have
been employed, Eu, Tb and Ce, for emitting, as discussed
above, in the red, green and blue colors, respectively; with
doping concentrations lower than 2 at.% for each dopant.
The structural properties have been characterized by transmis-
sion electron microscopy (TEM) and energy dispersive X-ray
(EDX) spectroscopy, allowing determining the spatial distri-
bution of the RE-ions at the nanoscale. Electrical characteriza-
tion has revealed different conduction mechanisms that can be
related to the structural properties of the layers and the device
configuration. Finally, all the studied devices exhibit EL as a
consequence of the excitation of the RE-species. The obtained
emissions are discussed in terms of the different RE species,
the structural and electrical properties. The results here presen-
ted get us closer to achieving a tunable RGB-color LED fab-
ricated with a base on abundant materials such as Si and Zn,
taking advantage of the emission from RE ions as optical cen-
ters.

2. Materials and methods

The ZnO films were deposited from doped ZnO targets on an
n-type (100)-oriented Si substrate via a 3-inch RF magnetron
sputtering system, using a power density of 0.96 W cm—2,
15 pbar of pressure, Ar flux of 2 scem, and at a substrate
temperature of 400 °C. To avoid cross-contamination, three
different ZnO targets nominally identical were used for each
of the three different dopant species. Only two targets could
be loaded in the chamber. Doping was obtained by placing
RE oxide pellets (CeO,, TbsO7 or EuyO3) on the top of each
ZnO target for the deposition of the films. Under these con-
ditions, three 60 nm thick single-layer samples were depos-
ited: (i) ZnO:EBu,Tb, (il) ZnO:Tb, and (iii) ZnO:Ce. An addi-
tional sample containing the three RE species was fabricated
by consecutively depositing 20 nm thick layers of the three
mentioned films in a (iv) ZnO:Ce/ZnO:Tb/Zn0:Eu,Tb struc-
ture. For this three-layer structure, the sputtering chamber con-
tained initially two targets which could not be activated sim-
ultaneously. First, a ZnO:Tb,Bu layer was deposited and then
the ZnO:Tb layer using the second target. For the last ZnO:Ce
layer, the chamber was opened to replace one of the two tar-
gets. The RE doping concentration was ~1.7 at.% in ZnO:Ce,
~2 at.% in ZnO:Tb, and 0.8 at.% of Eu and ~1.6 at.% of Tb
in ZnO:Eu,Tb, as determined by EDX measurements on 2 pm
thick layers in a scanning electron microscope. Afterwards, all
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Figure 1. 5d-to-4f electronic transitions in the rare earth ions considered for this work ((_‘e;'*', Tb** and L"u'”';w and the wavelength
corresponding to the resulting photons. The main transitions have been highlighted in the schematics in blue, green and red, respectively for

Ce*t, T* T and Eu?t.

samples underwent an annealing process for 1 h at 700 °C in
a Nz atmosphere.

Structural characterization by electron microscopy was
done in sample (iv), as it can provide representative inform-
ation of the deposition for the three films under investig-
ation. The foils were prepared by focused ion beam (FIB,
FEI HeliosNanolab 660), and their structure was analyzed
at the nanoscale by conventional and high resolution TEM
(HRTEM) using a double-corrected cold TEG ARM200F
JEOL microscope, operated at 200 kV and equipped with
a high-angle annular dark field detector and an EDX Cen-
turio spectrometer. EDX profiles were acquired along a 75 nm
straight line across the film with 120 probed spots and 1 s
acquisition time per spot.

The top 100 nm thick ZnO electrode was deposited by
means of ALD at a deposition temperature of 200 °C, resulting
in a highly-conductive layer (conductivity > 100 =1 ecm™1)
with an optical transparency of ~85% through the visible
range [4]. Afterwards, circular contacts with 500 pm diameter
were patterned via conventional photolithography. Finally, a
full-area deposition by electron beam evaporation of Al cre-
ated the common bottom electrode to finalize the devices.

Current-voltage [[(V)] measurements were carried out pla-
cing the devices within a Cascade Microtech Summit 11000
probe station coupled to an Agilent B1300A semiconductor
device analyzer. A Faraday cage is used to isolate the devices
from external electromagnetic noise. In all electrical measure-
ments, a voltage was applied on the top ZnO contact while
the bottom Al was grounded through the chuck of the system.

The voltage applied this way was swept in steps of 50 mV s~1.
EL emission from the devices was collected by a microscope
with a 20 NIR objective with a numerical aperture of 0.4,
and it was spectrally resolved via a 1/4 m monochromator and
a liquid nitrogen-cooled charge coupled device (CCD) in the
400 to 1000 nm range. Integrated EL. was also collected by
replacing the monochromator-CCI> system by a GaAs pho-
tomultiplier tube, sensitive in the range from 330 to 900 nm.

3. Results

3.1 Structural charactetization

Figure 2 shows a HRTEM image (figure 2(a)) of sample (iv)
and the EDX analysis performed (figure 2(b)) for the elements
present in the sample along the growth direction, as indic-
ated by the line in the HRTEM image. In figure 2(a), differ-
ent regions on the sample can be clearly identified. From the
bottom, it can first be found the n-type Si substrate with a
~3 nm layer of native SiOy on top, which was intentionally
left unremoved before the deposition process to be used as
electron energy barrier in electrical measurements. The depos-
ited RE-doped ZnO films can be observed above the SiOx.
Please note here that there is no indication of the existence
of any interface between each ZnO layer, despite the differ-
ent steps for depositing all ZnO layers. However, non-uniform
contrast zones are clearly visible suggesting local variations
of the Bragg conditions due to local strains induced by the
presence of dopants in the ZnO matrix. On top of the stack,
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a carbon layer of a few nanometers and Pt were deposited
in order to protect the top surface of the stack, before TEM
sample preparation by FIB. The doped-ZnO total thickness
was measured to be ~65 nm and its polycrystalline nature can
be clearly distinguished in the image by the different crystal-
line plane orientations present in the film. Some artifacts due
to Moiré patterns can also be observed in the image.

To assess the composition of the layers upon annealing,
EDX measurements were done along the vertical line indic-
ated in figure 2(a). The atomic profiles corresponding to Pt
(black), Si (grey), Ce (blue), Tb (green) and Eu (red) are plot-
ted in figure 2(b). As shown in the TEM image, Si is only
present at the bottom of the sample, whereas Pt is only present
on top. To compare the concentration of each RE element for
each sublayer, vertical lines have been drawn approximately
where the profiles of the elements change, therefore suggest-
ing the interface between the different sublayers. The inten-
ded nominal thickness for each sublayer was 20 nm. How-
ever, the actual thickness slightly differs; in particular, it can be
observed in the TEM image that the Ce-doped layer is ~8 nm
thinner than the Th-doped and Th- and Eu-co-doped ones.

The EDX results also reveal the non-homogeneity of the
RE ions within the layers but they allow positioning approxim-
ately the various interfaces between the sublayers. Despite the
uncertainty of the measurements (about 1 at.%), fluctuation of
the signals where each RE doping was nominally intended is
indicative of their presence within the ZnO. This is particularly
the case of Tb whose concentration reaches about 2 at. % in the
middle of the structure. Thus, while Tb is uniformly distrib-
uted along the ZnO:Tb layer in the middle of the structure, the
other two layers present a high agglomeration of the RE ions in
certain zones: on one hand, Ce is accumulated at the top of the
third layer, in a small region of ~3 nm with a narrow depleted
zone just below; on the other hand, in the first layer, Tb profile
presents also a depleted region close to the interface with SiOy
where both Tb and Eu have accumulated very significantly in
a region of ~8 nm. Indeed, this latter fact was cotroborated
with a HRTEM image (see figure 2(c), corresponding to the
squared region in figure 2(a)) of the bottom of the substrate,
where a thin (~2-3 nm) amorphous layer enriched in Th and
Eu was identified on top of the SiOy layer.

3.2. Electrical characterization

Initially, an electrical characterization via /{V) measurements
was performed in order to understand the conduction regime
governing each single-layer device. Figure 3 displays the I{V)
curves for the ZnO:Ce (blue), ZnO:Tb (green), ZnO:Eu,Tb
(red) and ZnO:Ce/ZnO:Tb/ZnO:Eu, Tb (orange) devices in a
range from —8 to 10 V. A sketch of the devices structure
and their electrical connections during measurements is dis-
played in the inset at the bottom right corner of figure 3(a). At
a first glance, figure 3(a) reveals a large rectification behavior
in all four samples, exhibiting well-differentiated current level
under forward and reverse biasing (V > 0 and V < 0, respect-
ively). This rectification is a consequence of the heterojunction
formed by the different layers composing the device structure,
and it is directly correlated with its energy band diagram. For

EDX profile
65 nm

Doped ZnO

b) 1
(b) Ce 41 10 00 00 00 a®
40 T 01 07 20 13 47 &%
Eu 02 01 02 08 33a%
. 10 sil
= Si
100 \ [
I
z \
g soll"6nm/_ 24n 25nm
E ool f Ly -
20
0

Doped ZnO

Rich rare earth layer

Figure 2. (a) TEM image corresponding to the deposited sample
containing the ZnO:Ce/Zn0:Tb/Zn0:Eu, Tb stack, the total stack
thickness measured being ~65 om. (b) EDX depth profiles for Pt,
8i, Ce, Tb and Eu, obtained through 120 points measured along the
75 nm-vertical line indicated in (a}. {¢) HRTEM image of the
bottom of the structure, corresponding to the red square in (a),
where Tb and Eu have accumulated near the SiO; layer,

forward bias, both ZnO:Tb and ZnO:Eu,Tb devices show a
similar conduction behavior, resembled at one order of mag-
nitude lower by Zn0:Ce/ZnO:Tb/ZnO:Eu, Tb and slightly dif-
ferent from the line-shape exhibited by ZnO:Ce. In addition,
all four device structures present a pronounced change in the
I(V) curve around 7 V, that could be associated with a change
in the carrier transport through the structure as will be further
covered.
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fitting for each curve at high voltages. Inset sketch shows the structure of the devices under study. (b) Schematic energy band diagram for
the device structure, with each layer labeled, under no applied bias. (¢) Modified energy band diagrams under the application of reverse bias.
(d), (e) Band diagrams under low and high forward biasing, respectively. Green and red arrows indicale the direction of the injected

electrons and holes, respectively.

The observed trends can be explained in terms of the energy
band diagrams of our devices. Bearing in mind our device
configuration and the electronic band structure of the differ-
ent layers, we have depicted in figures 3(b)—(c) the energy
band diagrams for the device structure under four different
bias conditions: (b) no bias, (¢) reverse bias (V < 0) and (d)
forward bias (V > 0) and (e) high forward bias (V == 0).
The top ZnO electrode and the n-type substrate present high
electronic densities, with the energy Fermi level close to the
bottom of the conduction band, whereas the RE-doped ZnO
has been considered an intrinsic (or quasi-intrinsic) semicon-
ductor, with the energy Fermi level practically in the middle
of the band gap, as the introduction of RE dopants maintain
the dielectric nature of the host matrices [29, 30]. Under no
bias conditions (see figure 3(b)), the energy Fermi levels are
aligned along the whole structure, having carriers blocked by
two energy barriers at both sides of the SiOy dielectric layer: a
depletion region at the Si0;-Si interface and an accumulation
of electrons at the ZnO-SiOy interface. When the devices are
set under reverse bias (V < 0), the current rapidly increases
up to | V. From this point the extracted current starts to be
limited (see figure 3(a)). Below 1 V., the applied voltage is too
weak for promoting efficient tunneling but it contributes to
the extraction of carriers from traps and defects, leading to a
high current increase. Further increasing the applied voltage,
as it can be seen in figure 3(c), maintains the diclectric bar-
rier of SiQy while increasing the depletion region in the Si
substrate. This is partially compensated by an increase of the
accumulation region in the ZnO layer. The overall result is that
the barrier scales with the applied external voltage, allowing
some electrons to tunnel through the barrier. As the applied
bias increases in absolute value, the number of electrons with
enough energy to tunnel also increases, thus resulting in the
slight enhancement in the measured current in agreement with
our experimental observations.

On the other hand, the devices present arapid growth in cur-
rent under forward bias (V > 0). In this polarity, as it can be

seen in figure 3(d), the accumulation region at the ZnO-SiOy
interface is reduced until it soon shifts to a depletion region.
As well, the depletion region initially present at the SiOy-Si
interface is rapidly reduced with the applied voltage. The com-
bination of these two effects taking place allows for a faster
rate of electrons to tunnel through the SiOy barrier from the Si
substrate to the RE-doped ZnO. It should be noted here that
the doped-ZnO layer is polycrystalline and considered quasi-
intrinsic, thus it may contain a large number of inter-band gap
traps due to defects. At very low voltages (V < 1.6 V) charge
transport is again associated to carrier extraction from traps
and defects (as previously identified for reverse bias condi-
tions). As voltage increases and tunneling through the dielec-
tric is enabled (1.6 V < V' < 7 V), a similar behavior to ohmic
transport is observed due to a hopping mechanism of the elec-
trons through the traps in the doped ZnO band gap, being
the current bulk-limited. With the increase in applied external
voltage the traps are rapidly filled and current increases until
reaching a trap-filled limit, after which the current becomes
limited due to space charge.

From the /(V) curves, it is evident that there is a change in
conduction above 7 V for all devices. High applied external
voltages can induce an accumulation region at the SiOy-
Si interface, once the depletion region is completely com-
pensated (see figure 3(e)), whilst the depletion region at the
7Zn0-Si0y interface increases. Under these conditions, the
energy bands of Si0y dielectric layer is also bent and electrons
are thus able to tunnel through a reduced triangular barrier fol-
lowing a Fowler-Nordheim (FN) mechanism. Assuming that
FN is the main conduction mechanism in this regime, the /(V)
curves at high voltages should follow:

T=a Vel

where a and b are constants. Indeed, we have fitted all 7(V)
curves by this mechanism (see dashed lines in figure 3(a)),
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Table 1. Calculation of the minimum external voltage required to enter the FN tunneling regime.

Flat-band Si0; bending Series resistance Voltage drop Minimum voltage
Device voltage (V) voltage (V) (R;, in FN) (k) (due to Rg) (V) for EN (V)
Zn0:Ce 121 3.32 8.62
Zn0O:Tb 1.79 1.13 6.43
ZnO:Eu, Tb 2.15 315 151 07 6.00
Zn0:Ce/Zn0O:TH/
ZnO:EnTh 109 0.79 6.09

showing and excellent agreement with the experimental
data.

In order to estimate the minimum voltage for FN conduc-
tion, we have taken into account the energy band diagram of
the device structure in this range of voltages (see figure 3(e))
and evaluated its series resistance. To this end, some consid-
erations have been made, treating the SiOy barrier as Si0,: (i)
Flat band voltage can be calculated supposing that the Fermi
level of n-Siis close to the conduction band and the ZnO-Fermi
level in the middle of its band gap (at 1.70 eV from the bottom
of the conduction band). Adding the electron affinity differ-
ence between ZnO and Si (4.50 and 4.05 eV, respectively),
it results in a flat band voltage of 2.15 V. (ii) The minimum
voltage required for overcoming the offset energy between Si
and Si0, tunneling from the Si conduction band is equal to
the difference in their electron affinities (4.05 eV for Si and
0.90 eV for Si0y), that is, 3.15 eV. (iii) Finally, the series res-
istance (and thus the voltage drop) can be numerically evalu-
ated for each I(V) curve within the FN regime, using an iterat-
ive method. The resulting values from this procedure are sum-
marized in table 1. Adding these three terms we can estimate
the minimum voltages for FN conduction in each device as it
appears in the last column of table 1. The FN fittings shown
in figure 3(a) employ this value as lower limit for the fitting
range.

As previously commented, the conduction under forward
bias slightly differs for ZnO:Ce when compared to the other
two films. This is probably due to the larger concentration
of Ce with respect to the other two RE elements in their
respective films, added to an easier oxidation process [31,
32]. These two facts could result in a combination of large
clustering of Ce*t and oxidation to Ce*t, generating addi-
tional defect-related traps within the ZnO layer that require
a larger external applied voltage to be filled. In addition,
the clustering of Ce is in line with the EDX measurements,
which showed an 8 nm thinner Ce film in the tri-layer system
compared to the other two sublayers. Nevertheless, once the
traps are filled FN dominates the conduction, in this case, for
V> 8.62 V. For devices with the ZnO:Ce/ZnO:Tb/ZnO:Eu, Tb
stack, the deposition of multiple layers generates additional
grain boundaries and/or strains due to the various doping
rates from one layer to the adjacent ones, which can be dir-
ectly related to the increase in the series resistance. While
conduction is still dominated by FN at high voltages due to
the presence of traps in the doped-ZnO layer, their higher
series resistance hinders the conductivity by one order of
magnitude.

3.3. Electroluminescence emission

In all devices, emission has only been observed under forward
bias, in agreement with the higher charge injection under this
condition, as determined by (V) measurements. The complete
analysis on the EL properties of the RE-doped ZnO devices
is detailed in figure 4. Prior to spectrally resolving the EL
of the devices, its integrated collection helped identifying the
emission threshold and the relation of the emission with cur-
rent, and thus the applied external voltage. For these measure-
ments, the applied voltage was swept from O to 8 V in steps of
0.1 V.s~1. The results of this study are displayed in figure 4(a),
following the color scheme of the devices analyzed in figure
3(a). Both ZnO:Tb and ZnO:Eu, Tb present again similar beha-
viors, with emission thresholds at 200-500 A, This threshold
isincreased to 1 mA inZnO:Ce, thus indicating a less efficient
emission. In the case of the multilayer device, the threshold is
reduced to 10 s A, pointing to a higher efficiency when close to
the threshold that could be related to the increased series res-
istance maintaining FN as the main electron injection mechan-
ism. It must also be noted that the obtained threshold currents
of single-layer devices are in accordance with the change in
conduction observed at around 7 V (see table 1).

So far, our results present a clear correlation between the
emission and the conduction regime of the device. Consider-
ing electrons as majority carriers through the system (as sug-
gested by the energy band diagrams in figures 3(c) and (d)), the
excitation mechanism of the RE ions must be related to their
injection into the doped-ZnO layer. Electrons, under forward
bias, are injected from the n-type Si substrate into the doped-
ZnO layer by tunneling through the dielectric SiOy barrier with
an energy excess equal to the difference in energy between
the substrate and the ZnO:RE conduction bands. Below the
threshold for FN injection, electrons gain enough energy to
turnel but are then trapped by ZnO intra-band gap traps, thus
not being able to excite the RE ions. Under large applied
voltage, these hot electrons might gain additional energy due
to the inclination of the ZnO conduction band and impact
with the RE ions dispersed within the ZnO:RE layer, trans-
ferring their energy to excite the outer shell electrons of these
elements, in a process called impact excitation [30]. Another
(less probable) possibility includes a low injection of holes
as minority carriers allowing the combination with electrons,
thus creating excitons. The energy of this particle could be
transferred to the RE ions thanks to the lattice [33]. Their
later relaxation results in the emission of photons we detect as
EL emission. In contrast and as previously discussed, under
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reverse bias the injection of both electrons and holes is highly
quenched, diminishing the possibility of RE excitation and res-
ulting in non-observable EL. emission.

EL emission from the devices is visible by the naked eye
at high voltages. The insets in figure 4(a) show pictures of
this visible emission from the devices while being electrically
excited (each picture is marked with a symbol that matches
the graph legend). These were acquired by setting a standard
photographic-digital camera focusing through the microscope
and collecting the image for 30 s while applying 2 mA of con-
stant current to the devices. Both ZnO:Ce and the multilayered
7Zn0:Ce/Zn0O:Tb/ZnO:Eu,Tb devices show a weak emission
mainly located close to the contact point of the tip, whereas the
other two exhibit a more homogeneous and intense emission,
in agreement with the previous observations of the integrated
EL curves. In addition, regarding the EL color exhibited by
each device, Ce-doped ones present a white-blueish emission,
Tb-doped devices a clear green one, and Eu,Tb-doped devices
emit in orange-red. Finally, the multilayered devices present a
white emission at the tip location.

The representation of the EL intensity data as shown in fig-
ure 4(b) allows comparing the devices in terms of their emis-
sion efficiency. According to this figure of merit, the mul-
tilayered device allows attaining an optical output at much
lower currents. Nevertheless, all devices present a fast increase
in efficiency that is afterwards saturated, in accordance with
electron injection following the FN regime previously iden-
tified. In the case of ZnO:Ce, this regime has not yet been
reached, thus resulting in the very low efficiency measured.

Omnce the threshold current for EL to occur was determ-
ined, the excitation mechanism has been identified and there
are evidences that the emission could be seen by the naked
eye, spectral measurements were carried out on each device by
applying a fixed excitation current of 1 mA in substrate accu-
mulation conditions. This current value corresponds to a high
externally applied voltage where the high-voltage FN conduc-
tion mechanism is well stablished in all devices. In figure 4(c),
the EL spectra for all four devices, measured under said con-
ditions, are displayed.

Out of the three single-doped samples, ZnO:Ce shows a
spectrum composed of two weak and wide features centered
below 500 nm and around ~650 nm, which would correspond
to a combination of the electronic transitions listed in figure 1
for Ce*t (421 and 464 nm) and the emission of ZnO defects,
respectively. The broad emission band obtained instead of
the well-defined electronic transitions could be related to the
¢lectronic states delocalization because of orbital distortion,
caused by Ce*t ions clustering, as well as additional interac-
tions with Ce*t ions, which we have previously attributed to
affect the electrical properties [31, 32]. The combination of
these two facts increases the probability of non-radiative pro-
cesses, thus reducing the emission of the device. Oxidation
of Ce*t to Ce*t is also compatible with the appearance of
defects-related emission of ZnO, resulting from a larger con-
centration of oxygen vacancies in the film.

In contrast, both ZnO:Tb and ZnO:Eu,Tb devices show
intense emission with narrow peaks corresponding to the
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Figure 4. (a) Integrated electroluminescence of the four analyzed
devices measured from O to 8 V. Pictures of the devices visible
emission under electrical excitation are shown in the inset. (b)
Representation of the integrated emission as emission efficiency,
equivalent to an external quantum efficiency (EQE). (¢)
Corresponding electroluminescence spectra for the devices,
collected during 30 s at 1 mA of applied current. The three graphs
employ the same color code: ZnO:Ce in blue, ZnO:Tb in green,
ZnO:Eun, Tb in red and ZnO:Ce/ZnO:Tb/Zn0:Eu,Tb in orange.
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electronic transitions of Tb*t and Eu3t (see figure 1). The
main emission of the Tb-doped sample is peaked at 541 nm,
with three secondary peaks centered at 488, 584 and 617 nm,
all four features constituting the expected emission of Th*"
ions [34-36]. In the case of the ZnO:Eu, Tb device, other works
in the literature have proved a higher efficiency of EL. emis-
sion of Bu*" ions for the co-doped films when compared to
a device only containing Eu [34, 37]. Its EL exhibits its main
emission peak at 611 nm, and three secondary peaks at 585,
651 and 700 nm, which is in agreement with the Eu*t jons
emission [38], although Tb is also optically active. Notwith-
standing, the emission of Tb** ions appears to be quenched
when compared to the emission of Eu** ones. On one hand,
the main emission of Tb**t, Dy —"Fs, has a higher energy than
the "Fo—Dj excitation transition of Eu*+, and thus the energy
involved in this emission may be partially transferred to Bu*+
ions and converted into an Bu*+ emission (the "Dy and D,
electronic states might be populated). On the other hand, the
remaining Th*'-related emission is masked by the emission
of Bu*t, as some of the main contributions almost overlap in
wavelength (see figure 1). All these three emissions corres-
pond well (in color and intensity) to the images of the devices
shown in the insets of figure 4(a).

In agreement with the emission of the single-doped
samples, the fourth one, combining all three layers, shows the
characteristic emission peaks of Tb** and Eu** in the same
positions as previously observed. This fact indicates that the
optical activity of RE ions is still preserved when sputtered on
a stack structure. Th* ions emission can be detected by visu-
ally comparing the relative intensities between peaks at 541
and 611 nm with those in sample ZnQ:Eu, Tb. Therefore, the
layer sequence is optimal for obtaining a combined emission
of the RE ions from one device, avoiding the Eu*+ absorp-
tion of Tb*+-emitted photons that would take place if Eu was
on top. Furthermore, it is worth noting that the emission of
the combined-RE stack is 20 times less intense (as indicated)
than that of the previously commented devices, which is a con-
sequence of the reduction in thickness of the two emitting lay-
ers (as discussed during the structural characterization), and
the presence of ZnO:Ce on top quenching the emission from
the bottom layers. Last, the analyzed EL peaks have a FWHM
of about 15 nm, in agreement with other reported works con-
cerning RE-doped ZnO EL devices [14, 15, 22, 34].

3.4. Chromatic diagram

To complement the electro-optical study carried out in this
work, the resulting EL emission from the investigated devices
was analyzed under the CIE 1931 standard for reference. The
position of the four obtained spectra are displayed in the chro-
matic diagram in figure 5: ZnO:Ce corresponds to yellow
due mainly to the emission of ZnO defects. Emission from
Zn0:Th and ZnO:Eu,Th well correspond to green and red-
orange colors in the diagram, respectively. In addition, the
device containing the three different layers exhibits an orange
color closer to the white center of the diagram, in agreement
with the presence of both Th** and Eu** emissions.
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Figure 5. Location of the emission corresponding to each LED
under study in the present work within the standard CIE 1931
chromatic diagram.

Indeed, from the chromatic diagram it becomes clear that
blue emission from Ce ions has not yet been achieved or is
highly quenched by the emission of ZnO-defects. If blue emis-
sion from Ce*™ could be added to the system, the position
of the multilayered sample would become even closer to the
center. Therefore, aiming at obtaining an efficient RE-based
RGB LED, it is necessary to improve the deposition of a light-
emitting Ce*t-doped ZnO-based layer whose emission can
provide the blue component expected to be combined with the
intense green (Th*T) and red (Eu**) emissions hereby already
demonstrated.

4. Conclusion

The devices hereby analyzed have proved the possibility of
fabricating an RGB LED employing ZnO as host matrix for
a low concentration of RE ions, using sputtering as the main
deposition technique. For this purpose, three different RE ele-
ments have been explored, Ce, Tb and Eu, whose EL emission
characteristics (determined by the electronic transitions when
ina +3 valence state) respectively result in blue, green and red
intense and narrow emissions.

Out of the three, Th*+ and Eu** are optically active after
the deposition and annealing processes underwent to achieve
the device structure, and under the electrical excitation con-
ditions employed for attaining EL devices emission; instead,
Ce has only shown poor EL emission and only under high
stress conditions. The analysis and characterization via TEM
and EDX, as well as the electrical conduction mechanisms
analysis, point toward the agglomeration of Ce ions in the
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layer to be larger than in the case of Tb and Eu, affecting
their local stoichiometry and therefore carrier transport and
emission properties. Nonetheless, the results for Ce are still
promising, and future test and characterization of the ZnO:Ce
films controlling Ce-concentration and distribution are expec-
ted to improve their EL efficiency. The stack fabrication of the
three films into a single device has also been tested, enabling
the emission of the different optically-active centers present
within the whole structure. As intended, their combined emis-
sion exhibits contribution from the three RE dopants, resulting
in a shift toward the central region of the chromatic diagram.

Overall, the hereby presented results reinforce the suitabil-
ity of ZnO as an adequate matrix to host optically-active RE
ions with intense and narrow emission, useful for fabricating
full-color light sources for general lighting and other optoelec-
tronics applications.
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Electroluminescence of Rare Earth containing devices

4.2. Electroluminescence from multilavered

Al/Tb/Al/S10s

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.[)

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.®

The work hereby presented integrates the best device structure from
those previously tested into a light emitting device structure: a
multilayer of A/Tb/Al/S102. 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 5xAl/Tb/Al/S10:2 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 SiOs. The samples were annealed at 1100 °C in a Nz 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 SiO:z 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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4.2. Electroluminescence from multilayered Al/Tb/Al/S102

the stack was analyzed via X-ray photoelectron spectroscopy (XPS),
concluding that at least 45% of the Tb ions are in the form of Th203 (Th3*
valence) as desired. An additional sample with no Al layers showed that
Tb ions are mainly bound to each other in clusters or to Si02 dangling
bonds, because under the assumption that SiO: 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 (°Ds — 7F5) as well as others at 489, 587 and 624 nm (°.D4 —
Fi, 1 = 6, 4 and 3, respectively) and with a lower intensity at 415 and
437 nm (°Ds — 7Fj, j = 5, 4; respectively). Photoluminescence in resonant
conditions employed a 488-nm laser line to excite the Th3* directly
through the D4 — “F¢ 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 SiO:. 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 pA 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.l”-8l 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 Th3* and to
observe that EL yields wider signals, as it less efficient and thus
transitions are less defined.
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Figure 4.3. CL, PL and EL normalized emissions of Al/Tb/Al/SiOz devices,

defining the emission peaks of Tb3* as expected from their electronic
transitions.

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 uA showed that after 30 s, both EL and voltage
drop in steps until device breakdown. This fact is easily associated with
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Figure 4.4. Decay of EL intensity with measuring cycles for both the peak
emission at 542 nm and the integrated.
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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 7t:, 2018.
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Green Electroluminescence of Al/Tb/Al/SiO, Devices
Fabricated by Electron Beam Evaporation

Juan Luis Frieiro, Oriol Bldzquez, Julian Lopez-Vidrier, Lluis Lopez-Conesa,
Sonia Estrade, Francesca Peiro, jordi Ibdnez, Sergi Herndndez,* and Blas Garrido

In this work, the fabrication and the structural, optical and electrical
properties of Al-Tb/SiO, nanomultilayers have been studied. The nano-
multilayers were deposited by means of electron beam evaporation on top of
p-type Si substrates. Optical characterization shows a narrow and strong
emission in the green spectral range, indicating the optical activation of
Tb*" ions. The electrical characterization revealed conduction limited by the
electrode, although trapped-assisted mechanisms can also contribute to
transport. The electroluminescence analysis revealed also emission from
Tb* " ions, a promising result to include this material in future optoelectron-

ics applications as integrated light-emitting devices.

1. Introduction

The invention of LEDs has opened the door for the field of
optoelectronics, as the use of semiconductors allows scaling
these light sources to the sizes of microelectronic devices
employed today. Optoelectronic devices are designed to employ
light in combination with (or instead of} electric currents, which
introduces many advantages: separation of electronic devices
(thus enabling the optimization of the chip layout), reduction of
electromagnetic interference, cable length and weight, suste-
nance of precise signal timing, reduction of interconnect
densities and energy saving (thanks to lower heat losses).!'!
These new devices need to be able to operate in concert with
current electronic devices based on silicon technology, which
requires of Si-based light collectors, transducers between electric
and optical signals, light waveguides, and light emitters. For the
latter, semiconductor materials doped with rare earth (RE) ions
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have been widely studied in the last two
decades due to their narrow and intense
luminescence, as a potential alternative for
more efficient devices than LEDs.[*®

Rare earth elements have their 4f
electronic shell partially filled, and when
they are optically active, they usually have
an oxidation state 4-3 due to the loss of one
4f electron and the two 6s electrons. These
elements have luminescent properties
resulting from the intra-4f transitions
(almost independent of the matrix} or 5d-
to-4f ones (sensitive to the matrix).l”)

Erbium has been studied as dopant of
different films like silica (S10), yielding
emissions in the infrared part of the
spectrum (221535 nm}) when in an Er*" oxidation state, which
makes it very useful for optical fiber telecommunication
systems.®®l Other REs have been researched for their emission
in the visible range, such as Ce* T B Th + 101U and Eud 1% in
the blue (460nmy}, green (543 nmy}, and red (615 nmy) parts of the
spectra, respectively. In the Figure 1, the electronic levels,
energies and transitions for a particular RE species (Tb*T ions as
it will be later studied in this work!'*} are presented.

Fabrication of these materials has been exploited through
many different techniques, such as plasma-enhanced chemical
vapor deposition,"! ion implantation,* liquid source chemical
vapor deposition,’®! magnetron sputtering,*® and sol-gel.'”)
Some other techniques have also been attempted, but are less
commonly employed, like atomic layer deposition.*®!

Following the approach to new RE light emitters, in this work
it is described the fabrication and characterization of nano-
multilayered (NML) structures composed of $i0,, Al and Th**
ions, by means of electron beam evaporation (EBE). In a previous
work, different combinations of these layers have been tested
aiming at the best layer configuration that exhibits stronger
emission.!'"! The optical properties of the chosen configuration
were studied by photoluminescence (PL} in samples annealed at
different temperatures %!

The films employed in this work were deposited by using EBE,
considering the optimum nanomultilayered structure as
Al-Tb/SiO,, on top of a ptype Si substrate. The films used for
the structural and optical characterization consist of 15 x Al/Tb/Al/
$i0; layers, ending with a $10; layer that serves ag protection. For the
electrical characterization, 5 x Al/Tb/Al/Si0; layers were fabri-
cated, alse on a p-type Si substrate, adding a full area bottom
electrode of Al and top contact of indium tin oxide (ITO}. The ITO
contact also allows for electro-optical characterization, as it is a

© 2077 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Electronic transitions of Th*!, taken from Ref. [13].

transparent conducting oxide (TCO). The average compogition of
the nanomultilayers was assessed by using Xeray photoelectron
spectroscopy  (XPS). Diflerenl lechniques were emploved Lo
determine the optical properties of the Thfilms, such as PL and
cathodoluminescence (CL). The electrical properties were studied
through the different J{V) curves obtained. Finally, the clectrolurmi-
nescence (EL} of the NMTs was also measured in the accumulation
regime. The results suggest the possibility of empleying EBE for the
fabrication of RE-doped materials that can be introduced into
devices for optoelectronic applications in the Tuture.

2. Experimental Section

Dillerent combinalions in nanomullilayer siruclures for Si0,, Al
and Th were tested in a previous study, in order to achieve the
cplimal cenfiguration for the oplical activalion of the Tb**+
ions 2 ATl test samples and the ones here employed were
fabricated by electron heam evaporation, and deposited on top of
ptype Sisubstrates, which were cleaned with acetone, isopropyl
aleohol, ethanol, and de-ionized water, and agitated ultrasonically
during each process, before being introduced into the chamber.

The equipment employed for the deposition is a PFEIFFER
VACU UM Classic 500 chamber wilh a Ferrolec GENIUS electron
beam controller and a Terrotec CARRTRA high-voltage power
supply. The base pressure in the chamberwas 1.6 = 10" mbarand
the temperature of the substrate was kept at 100°C. Acceleration
voltages were 6kV for Si0» and Tb, and 10kV for Al with
deposition rates of 1.0, 0.2, and 0.2 As™L, respectively.

The samples for the structural and optical characterization
consisled of 15 slacks of AlfTb/Al/Si0y, wilh 1wo 10-nm layers of
510; betore and after them to prevent any atomic diffusion from
or to the nanomultilayers. The nominal thickness of the Al, Th,

Phys. Status Solidi A 2017, 1700451
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and 810, layers were 0.8, 0.4, and 3 nm, respectively (see Figure 2
(a)). Aller deposilion, Lhe samples were submilled lo an
annecaling process at 1100°C in N, atmosphere for 1h. An
identical sample was also fabricated but with no Al, in order to
observe the influence of this element. In the Figure 2{b} the
cross-section of the nanomultilayers acquired by transmission
eleciran microscopy (TEM) is shown, where lhe nanomelric
structure can be clearly seen: the bright layers with a thickness of
S5nm correspond Lo Si0,, whereas lhe dark ones, wilh a
thickness of 3nm, are a stack of Al-Th, as demonstrated by
electron energy loss spectroscopyr.”” As revealed by the TEM
image, this stack serves as delta doping system of Tb in a Si0;
matrix, allowing for obtaining nanametric separation hetween
the different Tb layers, while iselating them in the growth
direction and thus reduding possible dustering eftects.

For the electrical and electro-oplical characlerizalion, new
samples were fabricated consisting for 5 stacks of Al/Th/AL/SI0,,
alsoannealed at 11007C in Ny atmosphere for 1h. After annealing,
indium tin oxide (ITO) elecirodes were deposiled on lop of the
multilayers using a shadow mask, with circular shape with a radius
ol 200 um, and subsequently annealed at 600" C In N; atmosphere
for 1h. Finally, a full area Al metallization was performed on the
backside ol Lhe Si subslrale [or defining the bollom conlacl. This
structure is schematically shewn in Figure 2(c).

To determine the overall composition of the deposited flms,
XPS measurements were carried out using a PHL 3500
Multitechnique System, thus obtaining information regarding
the Al influence on the Th-related binding formation.

Photoluminescence measurements with two different excita-
tion energies were emploved lor determining the oplically active
crmission from Th'? ions. The 325-nm line from a HeCd laser or
the 488-nm line from an Ar™ laser were used for the excitation of
the Th*  ions. In the case of the HeCd laser, the spectra were
analyzed using a Horiba Jobin Yvon LabRAM HR spectrometer,
whereas the spectral analysis exciting with the Ar' laser was done
using a GaAs photorultiplier tube (PMT) coupled to a
monochromalor in a lock-in conliguralion. For the acquisilion
of CL spectra, a JEOL JSM-7100F scanning electron microscope
coupled to a monochromator and a CaAs PMT was employed. Tn
order to avoid damage on the surface, adefocused electron beam of
80 A, accelerated at 2keV, was used for the measurements.

Flectrical characterization of the samples was done by two
contact measurements with an Agilent B1500 semiconductor
device analyzer and a Cascade Microlech Summil 11000 probe
station using a Taraday cage. The back-contact was grounded
through the chuck, whereas the top ITO-contact was swepl [rom
—13 to 15V, with steps of 50 mvs~h

Fimission from the sample obtained through electrolumines-
cenice (EL) was cellected with a Seiwa 888 L microscope. Whereas
the integrated emission was recorded using the same GaAs PMT
emploved in the PL measuremenls, the gpeciral emission was
captured by means of Princeton Instruments LN-cooled charge-
coupled device via a 1/4m Oriel monochremator.

3. Results and Discussion

Measurements performed by XPS allowed determining the
composition and the cffect of the presence of Al atomns

© 2017 WILEY-VCH Werlag GmbH & Co. KGaA, Weinheim
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Figure 2. a} Sketch of the nominal deposited structure for structural and optical characterization purposes. b) HRTEM image of the depaosited
nanomultilayer structure. c) Sketch of the nominal deposited devices employed in the electrical and electro-optical characterization.

surrounding the Th ions. In Table 1 we have summarized Lhe
obtained results. Whereas the sample with no Al showed
stoichiometric 8i0,, the sample containing Al showed an
increase of the oxygen content. Thus, this ebservation implies
that, on one hand, the Tb ions in the sample with no Al may be
bound to other Tb lons or dangling bonds from S0, and, on the
other hand, the sample with Al exhibits an oxygen excess that
should be located in the Al/Tb/Al stack (the SO, in the whole
sample s stoichiometric). As aluminium s much more
chemically reactive than terbium, the oxypen excess in the
sample with Al is more likely to be bound to Al forming alumina
(41,053, In order to have a minimum quote of the amount o Tb
which is oxidized (i.e, prompt to be optically active), we
considered that: (i) all the Si atoms are bound to O atoms, thus
forming SiO;; (i} all the Al alems are in the form ol alumina
{Al;04); and {iif) the remaining O content is bound to Th atoms.
Under these assumplions, and considering the alomie conlenl in
the Al/Th/Al/Si0O; sample (considering the whole film), we
[ound (hal al leasl 45% of Lthe Tb ions are in the [orm of Tb, 03,
Thus, the addition of Al contributes to the oxidation of Tb ions,
which should also influence their emission properties,*!
Optical emission of the Al/Tb/Al/SIO, structure was frst
characterized by means of PL. Two different excitation lines were
employed: a nen-rescnanl excllalion using A=325am and a
respnant excitation with 1 =488 nm (see Figure 3].1”‘J The
spectrum acquired under non-resonant conditions shows peaks
at 489, 542, 584, and 621 nm; under resonant excitation, the
same emission features were detected but the one at 489 nm, as
il is close lo the excilalion wavelenglh. Thege emission bands are
a consequence of the intra-4f electronic radiative transitions
within Tb*~ ions {*Dy—F), with —6, 5, 4, and 3}.""”]
Similar emission to the PL one was obtained when perform.
ing CL measurements by exciting the sample with an electron

Table 1. XPS evaluated atomic compesitions for the TbjSiO; and
Al/Tb/AlfSiO; NMLs.

Atomic content [%4)

si o Th Al
Th/SIO: 33 65 2 -
AlJThiALSIO; 24 65 1 10
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beam of 2keV, which allows an efleclive direct excilalion of the
Th species by impact excitation. Figure 3 shows the emission
spectrum collected with the characteristic peaks of Th*~ at 489,
544, 587, and 624 nm. These emission bands correspond to the
*n,—7F, transitions as previously described. Blue emission
bands also appear in the CL spechrum, corresponding to
*Dy— "Fy (] — 5 and 4) transitions, with peaks at 415 and 437 nm.
All these resulls are in good agreement with others found in the
literature (sce Ref. [217).

The most intense emission at 544nm in both PL and CL
spectra corresponds to the green visible range, and it is splitinto
two peaks, as a consequence of the Stark effect due to the local
electric field”) These results evidence that the employed
deposition technique and methodology, that takes advantage
of lhe nanomullilayered deposilion of differenl malerials,
preduce optically active Th®  species, emitting in the green
speclral region.

The electrical properties of the fabricated devices were
analyzed by acquiring the I{V} curves, prounding Lhe Al bollom
electrode through the chuck whereas the ITO contact on top was
swept fn two regimes: accumulation (negative bias) and
inversion (positive bias}. The obtained curves for each regime

—PL (488 nm)

—PL (325 nm)

——CL {2 keV)

[Tt The u'

e 0 E
= a

Intensity (arb. units)
D

l

AN J \
—"‘ﬂ—’r“-r"‘*—r/‘ P e Bl eI et W e
400 425 450 475 500 525 550 575 600 625 650
Wavelength (nm)

Figure 3. Normalized PL and CL measurements of the Al/Tb/Al/SiO;
structure.
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are displayed in Figure 4. The devices can reach intensities in the
order of 10*uA at —15V applied voltage. Higher voltages were
not sustained by the ITO conlacls as the current increased to mA.
The curves show an almost symmetric behavior for both
regimes, indicating non-rectifving characteristics.

As shown by structural characlerization, the device is
compaosed by layers of 30, and Al,O,, for which an insulating
behavior, that is, limited movement of charges, is expected.
Thus, considering the different transport mechanisms taking
place in dielectric materials, we have assessed the electrical
conduction of our devices. We found that the best agreement to
the experimental data was cbtained when considering an
electrode-limited conduction mechanism based on Schottky
emigsion. Thermionic emission of electrons is achieved when a
potential barrier formed at a metal-insulator (or semiconductor-
insulator) interface is overcome. Applying an external electric
ficld the barrier can be lowered, casing the emission. This
process can be modeled as:

dm” . [ ; |
jSAhnllky = ”L3 qk)BT) exp( kB_IT) exp(%ghl): fl)

where g is lhe polential barrier heighl in (¢V), g the clemenlary
charge, E the applied electric field, k, T the thermal energy, h the
Plank’s constant, m" the effective mass of electrons, and § is

defined as:

' 'Vf ‘ @

v
4ggt,

where &, and 2 are the absolute and relative permittivity,
respectively. !

The fitting of the experimental I{V) curve to the Schottky
emission model yields a relative dielectric constant of the
dielectric layer of &, — 18.86. However, in general, the obtained

’ T 4 €4
(a) 1ES
_{ 1E6
F E7
3 U/ —psimental ete
< 1 e Schottky emission fi
T
@
E
3 -
Q 1E4
1E5 | (C) i
8L o IS i
1 o Current T e
Schottk 3
’ 3 ™' —ammso,
107 b sl — o,
<15 <10, 8 0 5 10 15 1610

i 0 5 o

Voltage (V) Voitage (V)

Figure 4. a) H{V) curve of a device containing AlfTh/AlfSIO; multilayers,
fit taking into account a Schottky-type conduction mechanism. b)
Linearization for Schottky model in the range from —2.25 to — 15V for the
device containing AlJTbfAl/SiO, multilayers. c) Comparison of the I{V}
curves of a devices containing Al/Tb/AI/SiO; and containing Tb/SiOz
multilayers.
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permittivity value may differ from the experimentally deter-
mined values by means of other optical techniques, due to the
heterogeneity of our samples. Actually, Poole-Frenkel mecha-
nism is also in good agreement to the experimental data,
however with a large dielectric constant (&, > 300). The presence
of Al in the structure is the probable cause for the Schottky
emigsion fitting best the datz, because electrons must overcome
the potential barrier generated by the AlO, layers, as it has been
previously reported.*!

The I{V} characteristic of an identical device but without Al
{Th/Si0, multilayers) has also been analyzed. In Figure 4(c)
there is a comparison of the current evolution at different
voltages for both kinds of devices, with and without Al It is
evident that similar currents can be achieved for both devices,
with and without Al in them, which implies that Al is not
strongly influencing the electrical characteristic. Nevertheless,
the sample with Al is slighlly more resistive than the one with no
Al (at high voltages), which could be due to either an increase of
the total thickness or the fact that Al layers are presumably fully
oxidized and thus become insulating (as we stated before).
Another interesting feature is the fact that the slope of the two
curves 15 also slightly different. Checking the conduction
mechanisms, both curves follow a Scholtky cmission model
at large voltages, but with a different dielectric constant: the
sample without Al presents a dielectric constant of about 8.8,
almost half of the one with Al. Consequently, Al is only slightly
modifying the (V) characteristic. Actually, the electrical
conduction through the $iO; batriers should be identical for
both devices, just being different through the Al/TbjAl or Tb
layers, which modifies the effective dielectric constant while
keeping the conduction mechanism.

The application of an electrical current to the device can also
produce the excitation of Th*™ ions, which can be de-excited by
emitting their excess of energy in the form oflight. No emission (or
very weak) was found for the devices with no Al, which is in good
agreernent with PL measurements (see Refs. [19] and [20]). The
total integrated emission collected by the PMT iz shown in Figure 5
fa) and 5(b) as a function of the applied voltage and current
circulating through the device, respectively. We observed that the
threshold voltage for emission to take place is 8.5 V, whereas higher
voltages produce an almost exponential increase of the integrated
EL. Looking at the behavior of the EL with the injected current, we
observe that it increases linearly with a threshold current for
emisgion at &2 pA, which establishes a direct relation between
impinging electrons and resulting emitted photons. Thus, the
linearity of the EL with the injected current at high voltage and
injection (ie., above the excitation threshold} is suggesting that
electrons with high kinetic energy are responsible for the excitation
of the Tb optical centers. In fact, such electro-optical characteristics
are typical of an excitation mechanism governed mainly by direct
impact excitation; however, energy transfer mechanisms from the
matrix can also be contributing.*?

The spectral analysis of the EL is displayed in Figure 6. The
spectra were acquired for 30 s, applying —100 pA at —18V, in the
range of 400-1100 nm. The spectra exhibit peaks at 437, 483,
531, and 576nm, over a broad low-intensity background.
Whercas (he former [ealures correspond lo *Dy — 7F| lransilions
twith /=6, 5, 4, and 3) from Tb*' ions, in good agreement to PL
and CL measurements (see Figure 3), the latter band is probably
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Figure 5. Integrated emission of the Al/Tb/Al/Si0, structure, obtained in
accumulation, as a function of a) voltage and b} current, represented in

abselute value.

originated in the deep defects in cither the $10; er the ITO
contact.
Another interesting observation is the fact that there iz an
intensity reduction of the Th emission at successive measure-
menls, reaching lolal quenching ol Tb emission beyond the (ilth
one (please sec spectrum labeled as measurement #6 1n Figure 6,
where only the backpround conlribulion is observed). In order o
study this cffect, the timeevolution of the EL and the applicd voltage
has been simultaneously monitored at a constant current, this time
using a different (Le., pristine) device (but virtually identical). The
resylts of this particular device are presented in Figure 7. One can
observe that the EL emission starts practically simultaneously with
the current injection, within the employed time reschation (voltage
alse increases). Both EL and applied vollage remain constant for
about 30 5, immediately after which there s a slight reduetion in the
voltage, together with a sudden reduction of the EL emission. For
lenger times, the deviee becomes even more conductive, inducing
the total quenching of the device EIL emission.
This EL quenching and vollage reduclion could be relaled lo
same atomic rearrangement after high electron flux is injected.

10000 T T T
—— Measurement #1
8000 - —— Measurement #2

E Measurement #3
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Figure 6. EL spectra successively acquired from the device at 100 pA

and 30s.
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Figure 7. Evolution of voltage and EL as function of time for a device
containing Al/Tb/AlfSi0; multilayers, at a constant current of 100 pA.

Indeed, il has been observed in oxide malrices thal, under
certain excitation conditions, a displacement of oxygen atomns
lakes place.**! This, in wrn, induces both the creation of
alternative (oxygen vacancics-related) conduction paths and the
prebable reduction of Th-O bonds, the latter reducing the
concentration of optically active centers. In this frame, an
increase of the thermal budget could improve the stability of the
Tb,0; phase, maling this material a potential candidate for
future optoclectronics applications, in particular as integrated
light-emilling devices.

4, Conclusions

Al/Tb/Alf5i0, nanomultilayers have been fabricated by electron
beam cvaperation, alternatively depositing cach layer, Optical
characterization by means of PI. and CI showed that Tb*' jons
are optically active. Electrical characterization allowed inferring
that the conduction mechanism governing the structure is a
Schottky emission model, although thermal activaled mecha-
nisms cannot be discarded. The threshold voltage and current
[or EL 1o lake place were delermined by inlepraled EL
measurcment. As well, the spectral distribution of EL is related
to a combination between Th*~ ions and matrix defect-related
emission. The hereby presented results prove that the
combination of electron beam evaporation and nanemultilayer
slruclures are uselul Lo oblain luminescent AlfThfAL/SIO; light-

omitting systems.
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4.2. Electroluminescence from multilayered Al/Tb/Al/S102

4.2.1.Effect of Tbh-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/Si02 and Al/Tb/Al/SiO: 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 Th in the sample had three main
effects (see Figure 4.5): (i) an accumulation of charge appears in cycles
of the sample containing Th, (i1) 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 (i11) the diffusion
length of O2 ions is reduced with the presence of ThxOy 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.
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Figure 4.5. I(V) curves corresponding to resistive switching of (a) Al/SiO2
and (b) Al-Tb/SiOz 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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Electroluminescence of Rare Earth containing devices
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Figure 4.6. (a) I(V) curves in LRS and HRS from both Al/SiO2 and Al-
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(b) Electroluminescence of Al-Tb/SiOz2 samples measured between RS cycles in
HRS. The reduction of intensity with each cycle suggests the formation of
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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/SiOz devices
doped with Th was presented as a poster in the European Materials
Research Society (EMRS) Spring Meeting 2018.
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4.2. Electroluminescence from multilayered Al/Tb/Al/S102

4.2.2.Replacement of Tbh 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 Si0Oz 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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Figure 4.7. Photoluminescence of Eu/SiO2 samples measured under 325-
nm laser excitation. The study of different annealing temperatures yields 700
°C as the optimum one for enhanced Eu3* emission and reduced background
emission from defects.
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Resistive switching of
/n0O

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 I'TO/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-S1

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.[!! 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.!?!

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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(a) (b)

ITO Zn0: 60 nm
Zn0O

Sio,

p-type Si RO Sio,
Al

Figure 5.1. (a) Device structure for the ITO/ZnO/p-Si devices under study.
(b) Cross section TEM image identifying the layers. (¢) Zoom-in at the ZnO
region, evidencing the polycrystalline nature of the layer.

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 SiO: 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! can be seen.! 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.
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5.1. Resistive switching properties of ITO/ZnO/p-Si
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Figure 5.2. Raman analysis of a pristine and a RS cycled device. The A:
(LO) mode 1s detected up to the fifth order and intensity is only slightly lower
for the stressed devices.

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
7Zn0 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 1.4X10!° cm2, very low when
compared to the total device area of 2.1x10-3 cm?2 defined by the top ITO
contact. With CF's in ZnO devices typically having a diameter between
10 and 50 nm, 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
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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.
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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.

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).
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The resistive switching properties of ITO/ZnO/p-Si devices have been studied, which present well-
defined resistance states with more than five orders of magnitude difference in current. Both the
high resistance state (HRS) and the low resistance state (LRS) were induced by either sweeping or
pulsing the voltage, observing some differences in the HRS. Finally, the charge transport mecha-
nisms dominating the pristine, HRS, and LRS states have been analyzed in depth, and the obtained
structural parameters suggest a partial re-oxidation of the conductive nanofilaments and a reduction
of the effective conductive area. Published by AIP Publishing. https://doi.org/10.1063/1.5046911

The poor energy efficiency of CMOS transistors and the
fast scaling in memories are considered a serious drawback
within the new era of big data and Internet of Things, which
leads to the search of a new generation of ultra-low power
nanodevices to overcome this important challenge that the
electronics industry faces. Resistive switching (RS) memories
or resistance random access memories (ReRAMs) have
become a solution for the next generation of nonvolatile mem-
ories thanks to their low-power operation, high switching
speed, and compatibility with the CMOS technology.l’4 In
these devices, the switching between the low resistance state
(LRS) and the high resistance state (HRS), when an external
electric field is applied, is due to either fonic movement lead-
ing to atomic rearrangement inside the active layer (valence
change mechanism, VCM) or metallic diffusion from the elec-
trode (electro-chemical metallization, ECM), thus inducing
the formation and destruction of conductive nanofilaments
(CNFs)>S Different oxide compounds have been explored,
such as TiO,, HfO,, SnQ,, or ZnQ, which have demonstrated
promising results.” 2 Among these metal oxides, ZnQO has
long attracted a great deal of attention because of its abun-
dance and non-toxicity, giving rise to special interest also in
gas sensi_ngm’14 or as a transparent conductive oxide (TCO) in
light-emitting and photovoltaic devices. Hence, this broad
range of applications of ZnQO makes it a potential candidate
for the field of transparent ReRAM devices.

Here, we report on the RS properties of sputtered ZnQO
within an indium tin oxide (ITO)/ZnO/p-Si device configura-
tion. The selection of ITO as the top contact also provides
advantages over the control of the switching mechanisms, as
no metal diffusion from the electrodes should occur.”™** More
than five orders of magnitude difference in current has been

“Author to whom correspondence should be addressed: oblazquez@el.
ub.cdu

0003-6951/2018/113(18)/183502/5/$30.00

113, 183502-1

observed between LRS and HRS, with stable switching, taking
place at low voltages (=1 V) and with free current compliance.
A cycling endurance beyond 1000 cycles has been demon-
strated using pulse trains for performing the reading and the
changes between the two resistance states. Finally, the obtained
results are explained according to the charge transport mecha-
nisms underlying the three different conduction states (pristine,
LRS, and HRS), which sheds light on the CNF formation and
destruction processes within ZnQ. Whilst other publications
only perform a fitting of the experimental data using different
conduction models but without discussing the extracted physi-
cal parameters,® 2! the hereby presented extended analysis of
the (V) curves of our devices allowed for the determination of
structural parameters related to RS, such as the effective con-
ductive area in LRS and the filament gap in HRS. The determi-
nation of these parameters has previously been carried out
directly by transmission electron microscopy (TEM) techni-
ques.zz’24 However, in-situ and ex-situ observation of the crea-
tion of those conductive paths and their interruption is a
complex procedure, as well as the fact that sample preparation
and/or the observation itself may modify the local structure.
Devices consisting of ITO/ZnO/p-type Si have been fabri-
cated using a metal-oxide-semiconductor (MOS) configura-
tion. For the oxide region, a 60-nm-thick layer was deposited
on a p-type (100)-oriented silicon substrate by means of a
4-inch radiofrequency magnetron sputtering system from a
pure ZnQ target, using a power density value of 0.97 W cm 2
a 15 pbar Ar pressure, and a substrate temperature of 400 °C.
An annealing process at 450 °C for 1 h was carried out in a
conventional furnace and under an Ar atmosphere. The top
contact was achieved by deposition of ITO by electron-beam
evaporation with subsequent annealing at 200 °C in air for 1 h.
By using photolithography, devices with an effective area of
460 x 460 pm” were fabricated. A sketch of the device struc-
ture is presented in Fig. 1(a) with the different materials that

Published by AIP Publishing.
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FIG. 1. (a) Sketch of the ZnO-based devices under study in this work. (b) TEM image of the deposited ZnO active layer, where the thickness of the layer can
be measured to be ~60nm. (¢) Zoom-in of the red-squared region in (b), where the polycrystalline nature of the layer can be identified. (d) Raman spectrum of
a pristine device with the E1(LO) vibrational mode of ZnO and its overtones up to the 5% order, demonstrating its high crystalline quality.

compose each labelled layer. Energy-dispersive X-ray (EDX)
analyses were performed on a 2-um-thick ZnO film grown
with the same conditions than those used for the active layer
presented, by employing an OXFORD Instruments equiprment
monitored with the INCA software and installed on a JEOL
6400 SEM microscope operating at 20kV. Raman measure-
ments were done at room temperature using a Horiba Jobin
Yvon LabRam spectrometer, exciting the sample with the 325-
nm line of a He-Cd laser. The electric characterization of the
MOS devices was performed by means of an Agilent B1500
sermiconductor device analyzer.

The ZnO active layer of the hereby presented resistive
switching device has been characterized through diverse
techniques. The TEM images of the ZnO layer are presented
in Figs. 1(b) and 1(c). As it can be seen in Fig. 1(b), the ZnO
active layer, deposited on top of the Si substrate, presents a
thickness of ~60 nm. A native SiO; thin layer can be seen at
the interface with the Si substrate. Pt layers were deposited
via focused ion beam (FIB) to prepare the sample for TEM.
The polycrystalline nature of the ZnO active layer can be
easily identified in Fig. 1(c). The composition of the ZnO
active layer has been analyzed by means of EDX, resulting
in 46 at.% O and 54 at.% Zn, thus containing an expected
oxygen deficiency due to the sputtering technique. A further
analysis of the crystalline state of the ZnO layer has been
carried out by means of Raman spectroscopy under near res-
onant conditions. In Fig. 1(d), it is displayed the spectra cor-
responding to a pristine device, where the E{(LO) mode is
shown up to the fifth order; this, together with a low value of
the half-width at half-maximum of ~13.7cm™! for the first
peak, implies a high crystalline quality.?>2°

The I(V) characteristics of the devices were studied by
applying a voltage on the top electrode while grounding the
bottomn contact, sweeping the voltage from V = -1V to V
= +1V, thus performing RS cycles. In Fig. 2(a), we show a
representative [{(V) curve out of more than 100 cycles, where
the change from LRS to HRS is achieved at negative voltages,
while the reverse change takes place at positive ones. Prior to
it, an electroforming process was carried out by applying a
positive ramp voltage and setting a current compliance at
SmA. The voltage at which this electroforming process takes
place lies around 12.5V, leading the device to the LRS, as
shown in the inset of Fig. 2(a). This state exhibits a much
higher current than the pristine state, but without the need for
using a limiting current compliance of the measuring system
considering the explored range of voltages (=1 V): this state
can thus be considered as a self-compliant LRS. The follow-
ing step consists in applying a negative ramp voltage until

—1V in order to switch from LRS to HRS, leading to a consid-
erable reduction in the current passing through the device, but
being larger than the one observed in the pristine state. After
applying another voltage sweep up to 1V, the LRS state is
again recovered. In this cycle, the sef and reset processes
occur around +0.4 V and —0.4 V, respectively.

At this point, the device was submitted to 100 consecu-
tive self-compliant cycles by means of positive and negative
ramp voltages in the range from —1V to +1V for ser and
reset steps, tespectively [see the inset of Fig. 2(a)]. A current
contrast of more than 5 orders of magnitude is observed
between both states at a read voltage of V., = —0.2V (LRS
is plotted in blue, HRS in red). In order to analyze better
these parameters along the 100 cycles, Fig. 2(b) shows the
curmulative probability of the currents at V... for HRS and
LRS. This plot confirms that both states are well defined and
stable, with mean current values of ~107" A and ~2 x 10°°
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FIG. 2. (a) I(V) characteristics of one RS cycle, where the voltage sweep direc-
tion of each cycle is indicated by arrows. HRS and LRS are colored in red and
blue, respectively, whereas the set and resei processes are displayed in black.
The vertical green dashed line indicates the read voltage (Vie.q) whete the cur-
rent is analyzed. In the insef, the electroforming process is shown, followed by
the 100 cycles, as a reference scale. (b) and (c) represent the cumulative proba-
bility of the HRS and LRS currents at V.4, and the cumulative probability of
the Vi and Vieg, respectively, averaged over the 100 cycles.
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A for HRS and LRS, respectively. The curnulative probabili-
ties of the switching voltages between both states (V. and
Vieser) are shown in Fig. 2(c), which shows a clear variation
between Ve = +0.1 V and +0.6 V (though always a positive
voltage well below 1V is required), whereas V... presents a
small variation always taking negative values between
—04Vand -0.5V.

Taking into account the maximum Ve and Vi values
observed along the 100 cycles (in absolute value), the device
was submitted to a specific pulse-voltage pattem, as shown in
Fig. 3(a). In brief, the first pulse forces the set by applying
+2V, followed by a second pulse at Vg = —0.2V to read
the current of the LRS. The third pulse, at —1V, induces the
reset towards HRS. Finally, the current at Vg = —0.2V is
again monitored within this state. The duration of the ser and
resef pulses was kept at 50ms, long enough to promote switch-
ing, as observed experimentally; on the contrary, reading times
were set to a much faster value, 0.1 ms, limited by the experi-
mental setup. The device presented an endurance of more than
1000 periods with 99.5% of success, whose cumulative proba-
bility is presented in Fig. 3(b). In this case, LRS presents the
same current values than the observed ones when the device
was submitted to voltage ramps via I(V) curves [see Fig. 2(b)],
taking values centered again around ~2 x 107® A. This con-
firms that the LRS is well defined under both excitation condi-
tions. In contrast, HRS presents a larger current than the one
obtained using /(V) curves. Whereas voltage ramps induced
stable current intensity around ~107'' A, pulse excitation
increases the current intensity up to ~10~% A. This difference
in the current values within the HRS could be related to the
short duration of the pulse during the reser process, which
affects the atomic arrangement, as suggested by Marchewka
et al. in TaO-based ReRAMSs.”

In order to shed light on the physics underlying the
memristive behavior of the ZnO-based device under study,
the charge transport mechanisms governing the different
states (pristine, HRS and LRS) were determined in the sub-
strate  accumulation regime (V<0 range). Figure 4(a)
presents the isolated I(V) curves comesponding to each of
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FIG. 3. (a) Scheme of the pulse-voltage pattem employed in the study. (b}

Cumulative probability plot of HRS and LRS currents at V.4 under the
pulse schematics in (a), after more than 1000 periods.
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these three states for the most representative cycle in Fig.
2{(a), in the log-log representation. The three states present
differentiated trends: the current intensity in the LRS exhib-
its a polynomial dependence on the applied voltage, whereas
this dependence is exponential in the pristine state. In the
HRS the situation is more complex and a comnbination of at
least two mechanisms takes place.

In the pristine state, the trap-assisted tunneling (TAT)
mechanism might presumably be the dorninant conduction
mechanism in our devices, as ZnO is an undoped material
with infrinsic intra-band electronic states (due to its defective
nature);?® a sketch of the energy band diagram for the TAT
mechanism is depicted in Fig. 4(b). Under these conditions,
the electrical current depends exponentially on the applied
voltage, which is given by the following expression:

_amS ( 8m/zm*d¢§/2)

== gV

o

with 4 being the elementary charge, #, the trap areal density,
S the area of the device, ¢ the relaxation time between subse-
quent tunneling events, m* the effective mass of electrons, d
the thickness through which the electric field is applied, ¢,
the offset energy between the electrode Fermi level and the
trap level, and # the Planck constant.

Regarding the LRS, the observed high current intensity
suggests a large amount of injected carriers, which is com-
patible with the space charge-limited current (SCLC) theory
[see Fig. 4(c}], exhibiting a quadratic dependence on the
voltage™
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FIG. 4. (a) Log-log representation of the [(V) characteristics of pristine
(black squares), HRS (red circles), and LRS (blue triangles) states. The fit-
ting curves (in solid line) are also plotted together with the experimental
data: trap-assisted funneling (TAT) for pristine (in black), a combination of
TAT and Fowler-Nordheim (FN) for HRS (in red) and space charge-limited
current (SCLC) for LRS (in blue). All curves were acquired in substrate
accumulation conditions (V' < 0). Sketches of the energy band diagram of
TAT, SCLC, and FN charge transport mechanisms are depicted in (b), (c),
and (d), respectively. Whereas TAT and FN mechanisms fake place in the
ZnO (pristine and HRS), the SCLC mechanism occurs in ZnO, (LRS).
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I=guee S, @
where u is the electron drift mobility, and ey and e, are the
vacuurn and relative permittivities, respectively. Finally, in
the reset process, the conductivity of the devices dramatically
decreases, reaching the HRS. Thus, the ZnO active layer
becomes highly resistive and the intrinsic intra-band states are
again relevant for the conduction. We observed that the cur-
rent intensity dependence on the applied voltage exhibits two
different trends, separated at a threshold voltage around 0.7V
[see Fig. 4(a)]. At voltages below this threshold, the TAT
mechanism should again dominate charge transport, whereas
Fowler-Nordheim> (FN) could be the main conduction mech-
anism at higher electric fields, due to the further lowering of
the potential barrier. Therefore, a combination of both mecha-
nisms can be considered as follows:

_qnS 8/ 2 dp
o 3hqV

s v 3hgV

5 o (- S“Md‘f’f/g) .o
where the first and second terms of the right side of the equa-
tion correspond to TAT and FN models, respectively; with
¢; being the energy offset between the ITO electrode Fermi
level and the ZnO conduction band [see Figs. 4(b} and 4(d)].

Under these considerations, we have fitted the experimen-
tal /(V) curves of the pristine, LRS and HRS states with the
expressions from Eqgs. (1), (2}, and (3), respectively. This proce-
dure allows us extracting physical parameters from the devices
which are relevant to understand the RS mechanism within.
Although obtaining these parameters is possible through other
techniques, in-siry measurements often do not take into account
sample damaging during preparation, whereas ex-sifu ones can
lead to many time-consuming attempts that do not often yield a
specific result due to the difficulty of finding a CNF.

For the pristine state, we have fitted the experimental data
using Eq. (1) taking into account that the current flows over
the full device area through the 60-nm-thick ZnO layer, and
using an electron effective mass for ZnO of 0.3m,,> which
results in ¢, being around 0.20eV. Considering this mecha-
nism, the current is properly adjusted along more than six
orders of magnitude, although some deviations are observed
at voltages lower than 2 V. In fact, some other effects such as
charge trapping can occur and, thus, the parameters that could
be obtained from the pre-exponential factor are subjected to a
large error.

Using Eq. (2), we have fitted the experimental data from
LRS, obtaining an excellent agreement with the space
charge-limited current (SCLC) conduction mechanism. From
the fit, and assuming that for a substoichiometric ZnO, the
electron drift mobility ranges between 18 and 140 cm? V™1
s and the relative permittivity is above .32 we have
found that the effective device area that is contributing to the
conduction should be equal to or below 1.4 x 10719 cm?,
much lower than the actual top ITO contact area (2.1 x 1073
cm?). This result suggests that the high current intensity
observed in the LRS flows through filaments along the ZnO

Appl. Phys. Lett. 113, 183502 (2018)

serniconductor layer. Taking into account the maxirmum
active surface evidenced by the conduction mechanism, the
current density along the CNFs can be evaluated, obtaining a
lower limit of J = 1.6 x 10* A cm™2 at V,.,q = —0.2V. This
current density is indeed excessively high, but still lower
than the one observed in the TaO./TiO»/Ta0, structure,
where values over 10”7 A cm~? were achieved*! Further
assuming that, in the set process, out-diffusion of oxygen
ions is forming CNFs with diameters of about 25 nm (typical
diameters reported in the literature lie between 10 and
5011}11),“’12’35’2"3 the found active surface corresponds to 20
CNFs. Thus, this result suggests the formation of a limited
nurnber of conduction paths, with nanoscale dimensions.

Finally, we could adequately fit the HRS (V) curve to Eq.
(3). Actually, the experimental current intensity for voltages
below V' =0.7 V is properly reproduced by considering only
the TAT contribution. The fact that the TAT mechanism is
dominant at low voltages suggests conduction through the ZnO
defective states, in a similar way than in the pristine state. This
assumption points out to CNFs being interrupted, presumably
due to their partial re-oxidation. The overall current through
the Zn( layer is limited by this gap region, which contributes
to the HRS. Assuming that the current flows through a ZnO
layer with similar structural and chemical composition than the
one in the pristine state (¢, = 0.20 = 0.02eV), we found an
effective thickness reduction of about 85% (effective thickness
of 9 = 1am). The electric field along the gap of the interrupted
CNFs is enhanced by, at least, this thickness variation, leading
to a value of ~0.8 MV con ! at V=07 V (see, for instance,
Ref. 37, where there is an enhancement of the electric field in
Ga:ZnO nanofibers due to boundary effects). This electric field
is enough to inject carriers with high kinetic energy to over-
come the ITO-ZnO band offset (¢}, making dominant the FN
mechanism. Actually, the experimental data is well reproduced
by the FN meodel, with a band offset energy of ¢,
= 0.57 = 0.04 eV, which is below the energy that carriers have
at voltages above 0.7 V. The application of voltages larger than
1V will produce again the ser process, presumably by promot-
ing out-diffusion of oxygen ators towards the electrode.

The modeling of the pristine state, LRS and HRS in
ZnO-based devices has allowed determining the mechanism
responsible for the conduction in each of them, as well as
important structural parameters. In the literature, these three
states have also been analyzed: (i) the pristine shows trap-
assisted conduction typical of dielectric materials, like
Poole-Frenkel or TAT, in good agreement with our observa-
tions.*®3% On the other hand, (ii) the LRS typically exhibits a
high conductance with an Ohmic or SCLC behavior; consid-
ering the effective areas reported so far,’? the current density
reaches values compatible with ZnO with a high density of
oxygen vacancies, indicating that the CNF formation is due
to the out-diffusion of O atoms and/or oxygen deficiency in
the film grown by magnetron sputtering. Finally, (iii) the
HRS at low voltages presents again conduction typical of
dielectric materials assisted by traps, suggesting that the con-
ductive paths are partially re-oxidized, thus inducing the
interruption of the CNFs along 9nm. At larger voltages
(above 0.7V), injected carriers from the ITO contact present
enough energy to overcome the ITO-ZnO potential barrier,
exhibiting a FN behavior.'” The correlation between the
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charge transport mechanisms through ZnO and its structoral
modification under external electrical stress helps anticipat-
ing the optimurm operation conditions of ZnO-based mermris-
tors. In addition, subsequent cycles between positive and
negative voltages can promote stable switching between the
two states (HRS and LRS), maintaining the previously
observed mechanisms.

The measurerments and analyses have been extended to
other cycles and devices with the same structure, finding
similar results that lie within the error bars given for the
extracted parameters. Further study on a stressed device and
comparison with a pristine one (not shown) has provided
prove of the modification of the ZnO structure, by comparing
the resonant Raman E;(LO) overtones between both devices.
As it has previously been suggested,‘m"l1 this fact is compati-
ble with our hypothesis of oxygen out-diffusion in RS. Thus,
the use of electrodes non-transparent to oxygen, ITO in our
case, becomes an important factor in improving the endur-
ance of these ZnO-based devices.

Here, we have demonstrated the RS properties of TTO/
ZnO/p-type Si devices. A difference in current of more than
5 orders of magnitude is observed between LRS and HRS,
with endurance beyond 10° cycles, while working at low vol-
tages. The analysis of the intensity-voltage curves has shown
the formation of CNFs at the sef process due to out-diffusion
of O atoms, which is responsible for the LRS. In the reser
process, these CNFs are interrupted along 9nm by their re-
oxidation, recovering the ZnQ defective layer in this region.
The fact that this region is in the range of some nanometers
propitiated the observed high stability of the RS cycle in
these devices. Overall, ZnO, when combined with a p-type
Si substrate and an ITO top electrode, is demonstrated as an
excellent candidate for a future generation of RS memories,
whose combination with other Si-based devices provides a
large range of applications in transparent electronics.
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5.1. Resistive switching properties of ITO/ZnO/p-Si

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 &.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 Th3* 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 Th4O7 on top of the
7Zn0 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 Th-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 1s more resistive
than in the undoped ones. This trend is also replicated when pulsed
cycling is analyzed for both devices.
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Figure 5.4. (a, b) High voltage RS I(V) curves of ZnO based devices. (c, d)
Pulsed cycling of the same devices. (a, ¢) Undoped devices, (b, d) doped
devices.

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 1s obtained when the device is in the LRS, with a threshold for
emission of ~10-> 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 Th3* ions,
meaning that the latter are not active under these conditions. Instead,
this emission clearly corresponds to that of defective ZnO. Indeed, the
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5.1. Resistive switching properties of ITO/ZnO/p-Si

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 Th.
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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.

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.
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Resistive switching of ZnO

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
1llumination, correspondent to photogenerated electrons injected into

Zn0.

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
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5.2. Electroforming under incident light

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.
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Figure 5.6. Read values of 10 pulsed voltage cycles for electroforming of

Zn0O-based RS devices. When done under illumination, intermediate resistance
states appear at 5-7 V.

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).
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Paper V: Light-activated electroforming in ITO/ZnO/p-
Si resistive switching devices (DOI:
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ABSTRACT

We report on light-activated electroforming of ZnQ/p-Si heterojunction memristors with transparent indium tin oxide as the top electrode.
Light-generated electron-hole pairs in the p-type substrate are separated by the external electric field and electrons are injected into the active
£n0O layer. The additional application of voltage pulses allows achieving different resistance states that end up in the realization of the low resis-
tance state (LRS). This process requires much less voltage compared to dark conditions, thus avoiding undesired current overshoots and achiev-
ing a self-compliant device. The transport mechanisms governing each resistance state are studied and discussed. An evolution from an
electrode-limited (o a space charge-limited transport is observed along the electroforming process before reaching the LRS, which is ascribed to

the progressive formation of conductive paths that consequently induce the growth of conductive nanofilaments through the ZnQ layer.

Published by AIP Publishing. https://doi.org/10.1063/1 5125811

The interest in resistive random access memories (RRAMSs) has
arisen as a promising alternative to conventional flash memories.””
The possibility to switch between two resistance states, namely, the
high resistance state (HRS) and low resistance state (LRS), and retain-
ing them without the necessity of any supplied voltage, opens a large
range of potential applications in nonvolatile memories,” even in
logic and neuromorphic computing.”® The filamentary formation and
partial destruction of conductive paths (hrough a dielectric material
have been established as the main mechanism of this resistive switch-
ing (RS) behavior, with electrochemical metallization (ECM) or
valence change mechanism (VCM) being the most observed processes
in metal oxides.” In both cases, the oul-diffusion of jons by electrical
stress plays a crudal role in this structural and chemical modification.” '
The first formation of these conductive nanofilaments (CNFs) takes
place during the electroforming process, in which the LRS of the
device is defined and it depends on the number and width of
the CNEs."" In the case of polycrystalline materials, which usually
present grain boundaries, these filamentary conductive paths are
typically generated in these regions due to their initially defective
nature.”” The abrupt and spontaneous formation of these

nanostructures under electrical stress has been used to obtain well-
differentiated resistance states, with the speed of the transition between
them being on the order of picoseconds in some cases.'* However, this
abrupt transition can be a drawback due to the permanent damages
thal some devices may undergo and consequently requiring to set a
current compliance to avoid this occurrence. So far, some studies have
focused on the control of the formation of the CNFs by using dilferent
values of (he current compliance, which modilies (he conductivity of
the LRS and even enhances the endurance and the retention of the
resistance states. " Recenly, light interaction has been proposed (o
maodily the RS properties by either modulating the density of trapped
electrans in heterojunctions'” or decreasing the Schottky-like barriers
at rectifying interfaces. ™" This effect has also been observed in solar
cell-related materials such as perovskites, thus broadening their wealth
of applications.””*" Beyond these effects, an additional electron injec-
tion can facilitate the formation of oxygen vacancies, as observed in
amorphous $i0,.” This effect has also been employed to influence the
RS properties, where an additional current injection from the sub-
strate, by means of photoconductivity, induces a decrease in the
required voltage to switch to the LRS.”

Appl. Phys. Lelt. 115, 261104 (2019); doi: 10.1063/1.5125844
Published by AIP Publishing
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In this work, we present the control of the CNF formation in
pristine indium tin oxide (ITOYZnO/p-$i devices. The application of
light photogenerates additional carriers in the p-Si substrate, which in
combination with the applied voltages helps achieving a progressive
growth of the CNFs. The application of subsequent current-voltage
[I(V)] curves, progressively increasing the end-voltage, allowed con-
trolling this CNF formation, thus achieving intermediate resistance
states (IRS) at lower voltages, even without the necessity of setting a
current compliance. Similar behavior has been observed using voltage
pulses, recovering these IRS and achieving the same LRS.

Samples under study consist of an ITO/ZnO/p-Si metal-insulator-
semiconductor (MIS) device structure. Before the ZnO deposition onto
the p-type Si substrate, a 400-nm-thick thermal SiO, layer was grown
and etched using standard photolithography to define squared win-
dows (60 x 60 um®) in the field oxide. The ZnO layer was full-area
deposited via radio frequency-magnetron sputtering, with a thickness
of 60nm, and subsequently annealed at 450 °C for 1 h under Ar flow.
A second process of photolithography permitted the deposition of the
ITO top electrode by electron-beam evaporation (EBE). Finally, full-
area Al was deposited by EBE as the bottom electrode. The structural
characterization was carried out via transmission electron microscopy
and Raman scattering measurements, indicating that ZnO exhibits a
polycrystalline structure, and the results were published in a previous
study on the same devices (see Ref. 24). The electrical characterization
of devices was performed using an Agilent B1500 semiconductor device
analyzer and a Cascade Microtech Summit 11000 probe station, sup-
plying the voltage on the top ITO electrode and keeping the bottom
contact grounded. Light excitation consisted in illuminating the device
through the top ITO contact by means of a Nd:YAG continuous wave
laser working at 532 nm with a power density of ~300 mW cm ™2

Before the analysis of the effect of light on the electroforming
process, a complete I(V) cycle in a pristine device under dark condi-
tions was carried out, completing the electroforming and the first reset
[see Fig. 1(a)]. An abrupt increase in the current can be observed
around ~ 14V, resulting in a switch to the LRS (a current compliance
of 1 mA is required to avoid permanent damage to the device). The
reset of the resistance state was carried out at negative voltages, obtain-
ing an irregular curve in the range between —1.0V and —2.5V unti
the reset was completed. Successive I(V) characteristics were acquired
in ditferent but equivalent devices before, under, and after illumination
to study the effect of light in the electroforming process. Cycling was
done in a sequence with an end-voltage that was increased in each
cycle up to 7V. For comparison, a series of I(V) curves measured in
the dark using another device were also recorded. In Fig. 1(b), the I(V)
curves corresponding to the measurements without and under illumi-
nation are plotted. In the dark, the same I(V) characteristics were
obtained in all cases, not reaching yet the electroforming and keeping
the device in the pristine state to further study the effect of a combined
application of light and voltage. These curves agree with the completed
cycle under dark conditions obtained in the previously analyzed pris-
tine device [see Fig. 1(a)]. Regarding the curves obtained under illumi-
nation, a clear increase in 5 orders of magnitude in current was
obtained, with this effect being mainly ascribed to the injection into
Zn0O of electrons photogenerated within the p-Si substrate (although
some electrons can also be promoted to the ZnO conduction band by
direct absorption of photons at the ZnO/Si interface). After acquiring
each curve under illumination, another curve was recorded in the dark

Appl. Phys. Lett 115, 261104 (2019); doi: 10.1063/1 5125844
Published by AIP Publishing
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to observe possible permanent modifications in the I(V) characteristics
[Fig. L(c)]. In contrast to the curves in the dark obtained prior to illu-
mination, where no modification of the I(V) characteristics was
observed [see Fig. 1(b)], the curves acquired in the dark after

115, 261104-2
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llumination present a clear variation, making the device more con-
ductive and therefore exhibiting distinct resistance states. Curves until
2V and 3V present a similar line shape, consistent with the curves in
the preillumination condition (at voltages lower than 0.75 V, displace-
ment current dominates and charge accumulation takes place).
However, the postilluminated (V) characteristics at increasing end-
voltage show a progressive increase in the current, with the illumina-
tion being responsible for this modification. As a consequence, charge
accumulation no longer occurs, which suggests that llumination indu-
ces a modification of the charge transport mechanism through the
device.

Analyzing more in detail the evolution of the postilluminated
I(V) curves [see Fig. 1(c)], the first two curves {end-voltage of 2 V and
3V) exhibit displacement current at voltages below 0.75V, as well as
accumulated charge in backward curves with a remnant voltage
around 04 V. In addition, the pristine state presents asymmetrical
I(V) characteristics with a clear limitation of the current at positive
voltages, which can be ascribed to a Schottky-like conduction mecha-
nism. However, this current limitation is altered in the two following
curves acquired after illumination (end-voltage of 4 V and 5V), which
could be related to initial structural modifications caused by oxygen
out-diffusion within the ZnO layer, therefore inducing an increase in
conductivity. The two last curves (end-voltage of 6 V and 7 V) exhibit
a totally different line shape, free of displacement current and accumu-
lated charge, suggesting again another transport mechanism. This
behavior can be ascribed to the existence of CNFs connecting directly
both electrodes.

A similar experiment was carried out but using voltage pulses
instead of I(V) sweeps. In this case, a train of 2 pulses was performed.
The first pulse acted as writing voltage (V.,) with 1 s of duration,
whose amplitude was varied from 1V to 10V; the second one was
meant for reading the current of each resistance state for 0.5 s, which
was set at V, = 1V in all cases. This sequence of two pulses was
repeated 10 times with 1 s of separation between each one, its sche-
matics being represented in the inset of Fig. 2. As proceeded using
I(V) curves, this sequence was applied before, during and after illumi-
nation for each V,,. To analyze the influence of light, another device
was submitted to the same pulsed sequence but only in the dark. In
Fig. 2, the average current at V; along the 10 pulses is plotted as a func-
tion of the different supplied V,, for both operation conditions, follow-
ing the already described pulsed sequence. As observed, the reference
device, biased in the dark, exhibits a constant value of the read current
around 107 A for all V,, except at 10V, when it shows a sudden
increase in the current up to 107" A. In the case of experiments under
illumination, the same values of the read current around 107! A are
obtained at low V5, (V, < 4V), after lluminating the devices. In con-
trast, a gradual increase in the read current in the range from 5V to
8V takes place, achieving a value of ~1075 A, which matches with the
current obtained in the nonilluminated device at 10V. This progres-
sive current increase brings the device into intermediate resistance
states (IRS), in good agreement with our observation when performing
voltage sweeps.

To further elucidate the influence of light on the RS properties of
the devices, it is interesting to study the charge transport mechanism
evolution that the devices undergo when progressively switching from
higher to lower resistance states. In order to analyze better this evolu-
tion, the I(V) curves of the different resistance states were fitted
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10°F | O Afterillumination ~g o EL,«
10°} S L
s V=1V
U I ;
[=
E 10°F 105 05 v=1°nv !
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3 |t ey
3 10°F 10 /6 9” L
b4 10 ," '/'IRS
—, (o// 3
.
10" O = ‘g) 8 A e R | 1
10" P S S R ST SO S TP S
01 2 3 4 5 6 7 8 9 101

Write voltage (V)

FIG. 2. Representation of the average value of read current, along 10 pulsss,
obtained in the dark at V. = 1V, as a function of the different write voltage Vi, with-
out (black squares) and after (red circles) illumination. Three different regions can
be observed in the second case: pristing, intermediate resistance states (RS), and
low resistance state (LRS). In the inset, a scheme of the applied veltage pulse frain
is illustrated.

according to the most general dependence of current on voltage in
heterostructures,

(V) = AV* - exp(BV?), (n

with A and B being constants and & and f§ the potential dependence of
the pre-exponential and exponential factors, respectively. The exponen-
tial factor is related to the conduction in materials with potential barrier
profiles (like dielectrics or semiconductors), whereas the pre-
exponential one is typically associated with conduction in materials
with large carrier density, influenced by the profile of the electric field
(like in degenerated semiconductors or metals). The curves and their
corresponding fits are plotted in Fig. 3(a), where the resulting fitting
parameters are also indicated. In the case of the three first curves, where
the device is in intermediate states close to the HRS, only exponential
contribution (z = 0 and § % 0) is found. The value of § decreases
when the end-voltage increases, which is consistent with a combination
of alower effect of the Schottky barrier on charge transport and the ini-
tial and progressive formation of CNFs. In contrast, the I(V) curves
corresponding to the LRS show a value of o 7% 2. This value is in agree-
ment with a previous work carried out in the dark conditions on these
same devices, where the space chargelimited current mechanism
(SCLC) was determined to be dominant within the LRS in the accumu-
lation regime (V < 0).”* Please note that, in the present work, curves
are taken in the inversion regime (V2> 0), but the symmetry of the
curves when the CNFs are formed suggests similar behavior in both
polarities. Regarding the obtained value of £ 72 0.5 in the LRS, it could
be ascribed to the Poole-Frenkel correction proposed by Murgatroyd,
where the reduction of the effective trap level depth due to the external
electric field is taken into account;” nevertheless, this contribution only
affects atlow voltages, with I oc V” being the dominant dependence.

In contrast to some studies reported in the literature that have
only observed differences in the RS properties of ZnO when the device
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FIG. 3. {V) curves recorded after illumination with their corresponding fits following
the general expression indicated in the inset. (b) Scheme of the device depicting
the formation of CNFs due to the diffusion of the oxygen ions (blue circles) toward
the top eleclrode when it is biased at positive voltage. The photogenerated
electron-hole pairs formed within the Si substrate (red circles) enhance electron
injection into the ZnO, which facilitates the formation of the CNFs. {c) Energy band
diagram of the device structure, showing the band offset and bandgap (BG) ener-
gies corresponding to the involved materials.

is under llumination, but involving no permanent modifications after
that, ™ ¥ the hereby analyzed devices exhibit different resistance states
after being illuminated. These results demonstrate that light strongly
influences the formation of the CNFs during the electroforming process,
oblaining different resistance stales by adequately combining the applied
voltage and the extra current induced via photoconduction. Indeed, the
performed electrical characterization already gives information about
the role of the device structure in its RS properties. In particular, the rec-
tifying behavior observed in the inversion regime suggests the presence
of a Schottky-like barrier at the interface between the ZnO layer and the
p-5i substrate, whereas the remnant voltage around 0.4V in this same
pristine state confirms the existence of accumulated charge at this inter-
face. On the one hand, some studies reported that, under illumination,
the trapping and detrapping of optically generated charges in this region
could influence on the RS behavior, for instance by inducing lower

scitation.orgfjournalfapl

resistance slates or lower sel vullages“ % On the other hand, other
authors proposed that the increase in the number of injected electrons
due to carrier photogeneration in the substrate, together with electron
trapping at intrinsic defects within the active layer, contributes to the
creation of oxygen vacancies, crucial for the formation of the CNFs in
metal axides.” As a consequence of any of these hypotheses, (he voltage
al which the switch (o the LRS is achieved, ie., the vollage at which the
CNFs are generated, is significantly reduced by the application of light.

It has been previously reported that the generation and stability
of the CNIs depend not only on the applied voltage (i.e., the external
electric field) but also on the current circulating through the mate-
rial.”* Indeed, the electron flow is responsible for breaking Zn-O bonds
in order to free O ions, whose diffusion toward the electrodes indu-
ces the formation of vacancy sites within the ZnO lattice that consti-
tute the CNF. The fact that the ZnO presents polycrystalline
morphology suggests that the breaking of Zn-O bonds takes place at
grain boundaries, as has been reported in the literature, producing
there the local formation of Zn-rich regions.”” In this regard, the utili-
zation of light permits injecting an additionally photogenerated cur-
rent from the substrate into the oxide material which, combined with
the applied voltage, induces the structural changes into the ZnO layer
[see Lig. 3(b)]. In the dark, the applied voltage is the main responsible
for the electroforming process due Lo the low current that the device
presents, typically requiring high voltages to switch to the LRS. At this
high voltage, loosely bound oxygen ions move toward the ITO, thus
inducing the sudden switch to a lower resistance state due to a high
electrical stress of the material, achieving high currents. Therefore, this
abrupt increase in current resulting from the formation of the CNFs
can induce an undesired overshool of current in the device, even
working at lower voltages with short duration voltage pulses, and using
a suitable compliance, which can lead to permanent damage within
the structure. In contrast, the additional current injected from the Si
substrate [following the energy band schematics in Fig. 3(c)] when
illuminated allows achieving suflicient electrical stress al lower vol-
Lages, thus providing gradual oxygen ions drifl withoul (riggering the
sudden formation of the whole CNF, even when forming a consider-
ably large number of them. However, during illumination, the increase
in current may induce some defects at the Zn(/ITO interface and/or
deeper into the ITO contact.

‘We have hereby shown (hal, in (he TTO/ZnO/p-S5i devices under
study, the progressive and stable CNF generation during the electro-
forming can be achieved by means of two different approaches: the
progressive increase in the end-voltage in consecutive I(V) curves and
the usage of voltage pulses (which reduce the required electroforming
voltages from 10V (o 5V), which avoid the constant stress ol (he
device under illumination and (hus prevent a sudden switch Lo (he
LRS. These presented protocols therefore give the possibility to control
the formation of the CNFs, permitting to tune the resistance into inter-
mediate states and thus obtaining a quasianalog behavior, thanks to
the adequate addition of light (o (he applied voltage.
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Combined properties
in S1 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,[!l 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.23!
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.[45]
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Combined properties in Si NC-containing devices

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. S1 NCs embedded in S102 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.l®! This work presents the fabrication of Si NCs
within the same evaporation system using SiO: and Si targets, the
latter being evaporated in an Oz 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 Si**, Si3*, Si2+, and Sil*, but no Si%. Furthermore, only one
peak corresponding to the Si-O bonding was found for O. In contrast,
when analyzing the SRO layer, Si° 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 c¢cm-!), with amorphous Si and/or
SiOz 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,®! respectively resulting
in 3.9 and 4.2 nm, in good agreement with similar systems fabricated
by other methods.
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6.1. Si NCs embedded in Si02 by electron beam evaporation

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-SiO:z 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:

B1 t\B2
Ip; = Ale[_(a) ] +Aze[_(5) ] , (6.1)

where A is the amplitude, 7 the decay time and [ the stretching
parameter; each dynamic being numerated.

Both contributions presented a first fast emission, which can be
related to SiO: 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 f corresponds to defects at the Si-
SiO: interface, and lower 72 to a high disorder. As for the low energy
emission, related thus to the core, 72 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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Size-Controlled Si Nanocrystals Fabricated by Electron

Beam Evaporation

Oriol Bldzquez, iluis Lopez-Conesa, Julia Lopez-Vidrier, Juan Luis Frieiro, Sonia Estrade,
Francisca Peir6, Jordi bdnez, Sergi Herndndez,* and Blas Garrido

Multilayers consisting of silicon nanocrystals (Si NCs) and SiO are
successfully fabricated by electron beam evaporation, using pure Si and SiO,
targets in an oxygen-rich atmosphere for alternately depositing silicon-rich
oxide (SRO) layers and SiO, barriers, respectively. A post-deposition anneal-
ing process is carried out at different temperatures in order to achieve the Si
precipitation in the form of nanocrystals. The stoichiometry of the layers is
determined by X-ray photoelectron spectroscopy, which confirms the con-
trolled silicon oxidation in order to attain SRO layers. Transmission electron
microscopy and Raman-scattering measurements confirm the presence of
crystalline Si-nanoprecipitates. Photoluminescence spectra from the Si NC
samples can be deconvolved into two contributions, whose dynamics suggest
that two different luminescent centers are responsible for the optical

emission of the samples.

1. Introduction

Since the middle of the last century, silicon has been onc of the
most important semiconductor materials studied by researchers
thanks to its abundance, non-toxicity, and good electrical
properties, thus being widely employed in the electronics industry.
However, its indirect band gap is the main drawback for optical
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applications, which drastically decreases the
probability of electron-hole radiative recom-
bination. As it is well known, nanostructur-
ing Sircsults in the quantization and cnergy
increase of its allowed electronic states,
properties that strongly depend on the
nanostructure  size! ¥ The consequent
tunability of the band gap of Si nanocrystals
(Si NCs) has been widely investigated in
order to employ their optical properties in
lightemitting /! photovoltaic®™ devices
of mMemory applicaﬁons.[u’u] Matrix-em-
bedded Si NCs are one of the most employed
configurations, being Si0, the most usual
dielectric matrix. By controlling the stoichi-
ometry of silicon oxide {i.e., the Si excess), a
high-temperature annealing process can be
carried outwhich promotes the precipitation
of the Si excess in the form of 3i NCs.

On one hand, the control of the Si NC size has been achieved
by the Si NCs/Si0O, multilayers {MLs) approach, where the
stoichiometric Si0, layers play the role of barrier against Si
diffusion, thus limiting the growth of the Si NCs along the
vertical direction."! In addition, several works on the effect of
the annealing temperature {T,) and the thickness of the SiO,
barriers have been carried out to determine the optimal
structure for optoclectronic applications.”"*'* On the other
hand, the fabrication of these nanostructures has basically been
achieved by means of either chemical-vapor deposition,!%
sputtering,!'® or Si implantation in 8i0..'" The electron-beam
evaporation {EBE) technique has also been employed to
generate multilayered Si NCs/SiO; structures. However,
whereas the SiO; layers can be easily EBE-deposited, the
silicon-rich oxide (SRO) layers are typically achieved via either
thermal evaporation® or EBE!'” of Si0 targets. So far, the
possibility to fabricate Si NCs evaporating both SiO; and SRO
layers employing the same EBE technique hag not been
explored yet. In the case of SRO, using pure §i target provides
an alternative technique-compatible strategy; indeed, this has
proved useful to synthesize colloidal Si NCs by placing the pure
Si target in deionized water, followed by a thermal treatment via
ultra-short pulsed laser ablation,*"

In this work, we present the fabrication, entirely carried out by
means of the EBE technique, as well as the structural and optical
characterization of $i NCs embedded in a $iO; matrix. For this, a
ML approach was employed by alternating the deposition of SRO
layers and SiO; barriers, respectively using pure Si and SiO;
targets in an oxygen-rich atmosphere,

@ 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2. Results and Discussion

First, we study the stolchiometry of S0, and SRO layers
deposited by e-beam and annealed at 1200°C by Xray
pholoeleciton speclroscopy (XPS). For this analysis, due lo
the limited depth resolution of the experimental set-up (during
the sputtering process), bulk Si0; and SRO samples were
employed for determining their composition, and thus the
equivalent of the ML samples. Figure 1 shows the $iZp and Ols
XPS signals, whose areas under the curve were determined and
corrected for the sensitivity factor of each atomic specimen.
From this analysis, alomic concenlrations of Si {34%) and O
(66%} were determined lor the SiO; sample, which confirms its
stoichiometry. In contrast, the SRO layer presents a clear
substoichiometry with atomic values of Si (42%) and O (58%},
corresponding to Si0y 4, which confirms that Si is partially
oxidized when it is evaporated from a pure Si target with an O,
line. Exploring in more detail the SiZp spectra of both §i0; and
SRO layers, deconvolution via different pseudo-Voigt fits was
performed in order to determine the contribution of the different
oxidation states of Si. In the case of the $i0, sample [see Figure 1
{aj], the main contribution corresponds 1o the Si*' siatc
{103.7 eV}, with a decreasing contribution of the other oxidation

WWW.pPSS-a.com

states as the oxidation number decreases, namely Si*~
(102.6¢V), Si*' (101.4¢V), and Si'' (100.1¢V), progressively.
No contribution of Si® is observed, which is in agreement with
the stoichiometry of this layer. On the other hand, Figure 1{bj
shows the Si2p signal of the SRO layer, exhibiting a broader
spectrum than the $i0, layer. In this case, the distribution of the
different oxidation states of silicon is clearly changed, decreasing
the Si*™ (103.7¢V) contribution and increasing the Si*
(102.5¢V), Si*' (101.3¢V), and Si'  (100.0¢V) ones. In contrast
to the SiO; layer, the SRO layer shows the metallic Si° (98.6€V)
contribution, indicating Si-Si bonds due to the lack of oxygen.
Regarding the Ols analysis of the SiO, presented in Figure 1(c),
a single pseudo-Voigt function was fitted at 532.0 ¢V, indicating
that oxygen is only bound to $i atoms in a single configuration
(-O-). However, the SRO layer exhibits an O1s broader spectrum
[sce Figure 1(d)], which suggests that part of the oxygen presents
dillerent bonds. The main contribulion is cenlered al 532.1eV
and it is again attributed to oxygen bound to Si atoms in single
configuration (-O-}, like within the SiO, layer. The other
contribution displays a higher energy (533.6¢V) and it can be
directly correlated with the substoichiometry of the layer. In this
case, peroxy configuration (-O-O-) is sensitive to be formed in the
regions where Si excess is present.“!! Tn Table 1, the binding
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Figure 1. XPS analysis corresponding to bulk deposition of both SiO; and SRO, after annealing at 1200°C, employed for the fabrication of the
multilayered structure. a) and b} present the Si2p signal of SiO; and SRO, respectively, decenvolved by means of pseudo-Voigt fits related to the different
oxidation states of Si. ¢} and d) show the spectra of the O 1s for both layers, SiQ; and SRO, respectively. In this case, {c) displays a single pseudo-Voigt fit
{-O-), whereas (d} is deconvolved into two pseudo-Voigt contributions related to {-0-) and (-O-0-) oxygen configurations.
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Table 1. Peak positions corresponding to the different contributions of
Si2p and Ols, obtained fitting the XPS spectra acquired from SiO;
and SRO layers.

Si0, SRO
Sizp Qls sizp Ols
Peak position (eV) 98.6
1001 5320 100.0 532
1014 101.3 5336
102.6 102.5
103.7 103.7
Integrated area (arb. units) 7.25 34.90 4.92 17.54
Atomic concentration (%6} 34 66 42 58

energy, integrated area and resulting atomic concentration of
each contribution are summarized.

Transmission electron microscopy (TEM) images of the test
sample annealed at 1200 “C were analyzed in order to match the
nominal thicknesscs with the measured Si NC sizes. In
Figure 2(a), an energy-fillered TEM (EFTEM} image of this
sample is exhibited, filtering the energy around the Si plasmon
peak (=17eV). The image clearly confirms the ML structure
even at this high annealing temperature, where the brightest
zones correspond to a higher Siconcentration. In the stack near
the Si substrate (the first layers at the bottom of the image), the
510, barriers are kept constant at a measured thickness of
2.7 nm, while the measured thickness of the SRO layers varies
from 3.5 to 4.7 nm. Tn the second stack (layers at the top of the
image), the SiO, barriers exhibit thickness values that vary from
2.3 to 3.5 nm, with constant SRO layers of a measured thickness
of 3.5nm. Thanks to this test sample, norminal and real
thicknesses were correlated. Indeed, the increase in nominal
thickness clearly corresponds to an increase in the real
(measured) thickness. This relation between nominal and
measured 510, and SRO thicknesses is plotled in Figure 2(b},
displaying a linear trend. This study has allowed calibrating our
deposition set-up and determining the real thickness of the

WWW.pSS-a.com

SRO layers (Lsge). High-resolution TEM (HRTEM) images
were also acquired in the center of this first stack Lo delermine
whether Si NC formation was achieved during the annealing
process. lu Figure 2{c), different Si lattice planes (highlighted
by red lines) are observed and attributed to the $i NC formation,
providing an unequivocal proof that the Si nanocaggregates
contain a non-negligible crystalline phase. It is important to
note that only crystalline planes parallel to the electron-beam
can be obscrved, which substantially reduces the number of
visible 51 NCs.

Raman measurements were performed at room temperature
on samples deposited on fused silica substrates. In Figure 3(a),
the Raman spectra corresponding to the sample with the largest
SRO thickness (Lgpo — 4.7 nm), annealed at different T,, are
plotted. Two different features can be clearly distinguished from
the spectra: a broad band from 300 to 500em™, with its
maximum around 470cm™Y, relaled lo disorder-aclivaled
acoustical and optical modes in amarphous Si and amorphous
$i0,, and a peak centered around =517 cm™', attributed to the
crystalline Si transversal-longitudinal optical (TO-LO} phenen
mode. The first band is observed in all the spectra, whereas the
crystalline feature appears only after an annealing beyond
1000 °C. This last feature indicates the formation of crystalline
aggregales under these parlicular thermal annealing condilions.
Despile the fact that the precipitation of the Si excess within the
SRO layers and the formation of amorphous 51 nanoclusters
already takes place at temperatures as low as 700-800°C, a
higher T, is necessary for the crystallization of these nano-
aggregates.'*?? In this regard, the presence of the crystalline Si
peak in the spectra corresponding to samples annealed at
T,»1000°C confirms the presence of a Si crystalline phase,
which totally agrees with the lattice plancs observed by HRTEM
[see Figure 2(c)].

The Raman spectra [rom the samples anncaled al 1200°C and
containing different Lgy, are displayed in Figure 3(b), showing
the above-mentioned contributions. However, in this case, the
peak related to crystalline Si is only observed for Lgre equal or
thicker than 4.3 nm, with no observation of thinner SRO layers.
In fact, the observed contribution from the SiO,, either coming

E 5.5
£50
4.5
4.0
35
3.0
25
2.0

Real thickness

Figure 2. a) EFTEM image obtained after filtering around the Si plasmon peak (=17eV) with a 3eV energy window. Bright regions in the image
correspond to Si-rich cxide (SRO) regions. b) Relation between nominal and real deposition thicknesses of Si0; and SRO layers. <) HRTEM image in the
center of the first stack. Si lattice planes can be observed (highlighted by red lines} for some crystalline nanoaggregates.
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Figure 3. a} Raman spectra corresponding to the samples with 4.7-nm-
thick SRO layers for both the as-deposited samples and the ones annealed
at different T,. b} Raman spectra corresponding to the samples with
different SRO thicknesses annealed at T, —1200°C. In both figures, the
pink dotted vertical line indicates the peak position of the bulk crystalline
Si signal. In addition, the Raman spectrum of the SiO, substrate (gray
lines) is added for comparison.

from the surroundings or from the substrate, could be masking
the crystalline contribution. Another possible explanation might
be ascribed to the fact that a critical Si mass is necessary to
achieve the formation of crystalline aggrepates.[*! Analyzing this
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crystalline feature using the phonon confinement model
described in Rell [24) in samples with Lsgo=4.3nm and
Ly =4.7nm [see Figure 3{b)], we have found a crystalline Si
NC size of 39 and 4.2nm, respectively. In addition, by
comparing the total Sicluster size from TEM and the Si-
crystalline size from the Raman analysis, we conclude that there
is an almost full crystallization of the precipitated Si, in goed
accordance with previous results in a similar system ¥ These
results are in excellent agreement with HRTEM images, where
cryslalline nanoaggregales are observed with sizes around 4 nm
[see Figure 2(c)).

Photoluminescence measurements were carried out on EBE-
grown 51 NCs/5i0; samples deposited on Si substrates, exciting
them with the 532-nm line of a continuous wave Nd:YAG laser.
In Figure 4{a), the PL spectra from the samples with
Lspo=3.9nm and anncaled at different temperatures arc
shown. In the case of the as-deposiled sample, no emission is
observed, which is in agreement with the fact that the
precipitation of the Si excess in the form of nancaggregates
has not taken place yet. In contrast, annealed samples exhibit PL
emission with a broad spectrum in the red-infrared part of the
spectrum. The intensity of this PL emission increases with the
annealing temperature, achieving its maximum at 1200°C. A
similar evolulion has been lound for the samples with dillerent
Lsre, indicating that the optimum annealing temperature for
obtaining improved optical emission matches with the one for
having high crystalline quality, as demonstrated from the Raman
study.

The PL spectra of the samples with different Lgpg and
annealed at 1200 °C are shown in Figure 4{b). In this case, the
PL intensity decreases as the Lsro increases, exhibiting also a
broader lincshape. Considering that the PI lincshape from Si
NCs is constliluled by a combinalion of Gaussian conlribulions
(sce, c.g.. Rels. [19,25]), our speclra could be deconvolved
using only two Gaussian functions in the energy domain, one
of them centered at higher energies {around 750nmj and
another centered at lower energies (around 900nm). The
deconvolution of the PL spectra for samples with Lgpg =3.5
nm and Lspo=4.7 nm is displayed in Figure 4(c), exhibiting
excellenl accordance belween lhe experimenlal speclra and the
Gaussian [ils. In Figure 4(d), the band gap cnergy correspond-
ing to each contribulion as a function of Lypq is plotted for all
samples annealed at T, =1200°C. The peak energy of both
contributions decreases for larger Lggpe values, which is
consistent with the reduction of quantum confinement of
carriers in larger 51 NCs. However, this trend is more
accentuated in the case of the lower-energy contribution {green
circles). In addition, the deconvolved peak at lower cnergics
displays an overall inlensily which is almosl independenl on
Lygo, in contrast to the intensity of the higher-energy
contribution (blue squares), exhibiting a pronounced intensity
quenching at larger Lyup [see Figure 4(e}). Considering the
peak energy values and the intensity behavior reported in the
literature for Si NCs with similar sizes, 2% our observations
suggest that the low-energy contribution is directly related to
Si NCs emission via radialive eleclron-hole recombinalion,
whereas the high energy contribution could be associated to
highly localized defect levels at the Si-SiO, interface, in good
agreement with Ref. [25].

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

149




ADVANCED
SCIENCE NEWS

status
solidi

www.advancedsciencenews.com

physica

WWW.pSS-a.com

———————— A S NI S e
.5 nm = ¢ =
3ﬂ-(b) 3.90m { g
= 43nm 217
B B OB 470m S & a16
c T T 5
S Z T,=1200°C S5 gls
& o 1 s
E 5 B 14 ,
= Z 151 E- B 25
2 2 2 T
2 £ B S
= £ 1wt = K
a a a L
sl 1 Zwo
¥ N 8 °
° =) £,
1000

600 700 800 900
Wavelength (nm)

34 36 38 40 42 44 46 48
SRO thickness (nm)

700 800 80D 1000

Wavelength (nm)

Figure 4. PL spectra corresponding to the samples with (a) constant Lggg — 3.9 nm and annealed at different temperatures, and (b) different Lgpg and
annealed at 1200°C. {c) Example of the two-contribution spectra deconvolution carried out on the samples with Lspg — 3.5 {thinnest sample} and
Lsgo — 4.7 nm (thickest one}, both annealed at 1200 C. (d) Peak energy corresponding to each PL contribution from the samples annealed at 12007°C, as
a function of Lsge. (e} Evolution of PL intensity of each contribution from the samples annealed at 1200°C, as a function of Lsga.

In order to obtain more information about the origin of both
contributions, PL dynamics were studied by exciting the samples
with a Nd*©:YAG 5-ns-pulsed laser. To perform time-resolved PL
spectroscopy, the monochromator was set at two different
wavelengths, 850 and 650nm, which have been selected to
separately maximize cach PL contribution. The PL time decay of
the samples annealed at 1200°C [or dilferenl Igpo, al 850 and
650 nm, is shown in Figure 5(a} and (b}, respectively. At both

wavelengths, the behavior of the PL dynamics suggests two
different time evolutions, which could be fitted by the
T T T T T . o 35
: | o 30
43
v 4T
T o1F k|
©
B
N
T
E
=]
2 oot i
(=]
29 0./
{085
281
0.60
g Tt
2 a
il 4055
26
- 0.50
251 ! —loas

. . L
3.9 4.1 43
SRO thickness (nm)

.
37 45 47

Figure 5. Time evolution of the PL intensity correspanding to the samples c
and {b} 650 nm. The corresponding fits to the fast and slow components a
parameter, B, corresponding to the same samples in (a) and {b).
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combination of two stretched exponential decay functions,
following the typical analysis for $i NCs:/*I

(] ae] G
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The first term in Equation (1) represents the PL decay with
faster dynamics, characterized by its decay time 74, stretching
parameter By and amplitude A,; the second term describes the
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ontaining different Lspg and annealed at 1200 °C, measured at {a) 850nm
re also displayed. () and (d) plot the slow decay time, 15, and stretching
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slower PL decay, with its own decay time 7, amplitude A,, and
strelching parameler f,. 1n all cases, the faster contribulion
exhibits a stretching parameter ;=1 (i.e,, equivalent to a
single exponential) and a decay time of 7, — (140 £10) ns,
which matches with time response limitations of our
experimental set-up. Hence, there are luminescent centers
with decay time faster than this value (and thus not measurable
by our equipment}, which are typically attributed to emission
related to 5i0; matrix defects (probably duc to oxygen
vaca nc'\es).w"q]

The slow decay time 1, exhibits a different behavior
depending on the observation wavelength. Comparing Figure 5
{a} and (b), one can observe that the low-energy contribution at
850nm presents decay times T, lower than the high-energy
one at 650nm, which suggests a different nature of the
luminescent centers. In addition, the time evolution of PL at
850 nm shows a lower sirelching parameler than the curves al
650nm. In order to study these parameters in detail, the
evolution of 7, and § as a function of Ly are represented for
beth contributions [Figures 5(c) and {d)). The Figure 5{c) shows
that the contribution at 850 nm has an increase of 1, for larger
Lgro, obtaining a constant value at Lgpg larger than 4.3 nm,
whereas the § value slowly increases with Lgpo. Analyzing both
paramclers (7 and f§) [or the high-energy contribution [sce
Figure 5{d}], one can see that 7> exhibits values around one
order of magnitude lower than the low-energy contribution, as
well as decreasing at thicker Lgp. Again, the stretching
parameter f exhibits the same evolution as a function of Lyu,
than in the low-energy contribution, in which a clear increase of
it value is observed, despite still keeping lower values.

The results concerning the excitonic recombination dynam-
ics can be further discussed in terms of their time evolution. In
particular, lhe strelched exponential behavior exhibiled by both
low- (850nm) and high-cncrgy (650 nm) conlribulions [sce
Figure 5{a) and (b), respectively] already gives relevant
information about the emission centers that yield the observed
luminescence. The stretched exponential function has typically
been ascribed to i} a dispersion in excitonic recombination
times originated by a broad NC size distribution, cach NC size
pepulalion exhibiling dillerent characlerislic decay limes;*>*"
i) the Interaction between neighboering NCs that induce cflecls

related to electron-phonon coupling;?”** or iii) the degree of

dispersion from the electran and hole motion due to disorder
within the material.***! In these three different but correlated
frames, the stretching parameter £ can be interpreted as a
dispersion from the ideal case (f =1) of size mono-population
of non-interacting fi.e., separated encugh) Si NCs. These
characteristics allow explaining the observed PL results so far.
Indeed, and as can be seen in Figure 5(c) and (d), the high-
energy contribution presents remarkably lower § values than
the low-energy one. This occurrence could be attributed to
highly localized defect levels at the Si-510, interface, with a
larger degree of disorder than in the case of the high-energy
contribution, in agreement with the core-shell model. This
assumption is supported by the shorter recombination times
(72), by aboul one order ol magnilude, which might indicale
exciton instability because of insufficient carrier confinement
due to high disorder. Finally, Figure 5(c} and (d) show how 7,
clearly increases for the low-energy contribution at thicker SRO
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layers until saturating at the thickest Lsgg =4.7 nm, since even
thicker barricrs will nol propiliale the precipilation and
crystallization of larger NCs, but instead the broadening of
the NC size distribution centered around a saturated NC mean
size.”*! In the case of the high-energy component of PL, we
observed the opposite trend compared to the low-energy one,
with a reduction of the radiative time 1, at larger NCs, in
agreement with previous reports in similar samples, which
indicates lumincscence from the amorphous phase at
large NCs.

3. Conclusions

To summarize, lhe resulls oblained [rom the dillerent
structural and optical techniques employed in this study
revealed the presence of two different optically active
luminescent centers within cur EBE-fabricated samples: size-
dependent excitonic recombination typically reported for Si
quantum  dots {low-enerpy PL contribution) and highly
localized disorder-based emission (high-energy PL component)
lighily rclaled o the NC amorphous shell andfor NC/SIO,
matrix interface defects. Therefore, by means of the
EBE deposition of alternated SiO, and oxidized Si (i.e.,
the SRO) nanolayers and after a proper high-temperature
annealing treatment, we have shown that we are able to
tune the luminescence yielded by Si NCs. This has been
achieved by controlling the deposited SRO thickness
and annealing conditions, which results in the modulation
of the two PL cmission components. Conscquently, the
adequacy of the EBE technique to prepare high-quality and
light-emitting Si nanostructures has been proved, which paves
the way for easy-manufacturing Si NC-based optoelectronic
devices.

4. Experimental Section

Multilayers of SRO/SiO; were deposited onto either p-type {100)-Si or
fused silica substrates by means of electron-beam evaporation. The
employed system was a PFEIFFER VACUUM Classic 500 with a Ferrotec
GENIUS electron-beam controller equipped with a Ferrotec CARRERA
high-voltage power supply. Before the deposition, the substrates were
successively cleaned with acetone, isopropyl alcohel, ethanol, and
deionized water, being agitated ultrasonically in each process. The MLs
were grown depositing alternatively Si0, and SRC layers, by
respectively evaporating 5i0; and Si targets, both at a rate of 0.5As .
The base pressure in the chamber was 2 x 10 ® mbar and the substrate
was kept at 1007C. An O line {1.5 scemy, equivalent to 6 x 107 mbar,
was introduced in the chamber during the whole process, avoiding a
possible substoichiometry of the SiO; and promoting a partial
oxidation of the Si {SRO). In order to control the deposition of SRO
and SiO; layers, nominal and final thicknesses were compared by
fabricating a test sample, which consists of two multilayer stacks
separated by 10-nm-thick SiO; as a reference layer. The first stack (close
to the substrate) presents a variation of the SRO layers keeping
constant the SiO; barriers thickness at 2.0nm, whereas for the other
one the $i0; barrier thickness was varied while keeping constant the
SRO layers thickness at 2.0 nm. For the study of the optical properties
of EBE-prepared Si NCs, different samples were deposited with SRO
nominal layers ranging from 1.0 to 2.5 nm with a constant SiO; barrier
with a nominal thickness of 1.5nm. This multi-layered structure was
repeated five times, adding a 10-nm of SiO; as buffer and capping
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layers. All ML samples underwent an annealing process inside a tubular
furnace for 1h in N; atmosphere, at different annealing temperatures
ranging from 1600 to 1200°C.

In order to determine the stoichicmetry of the SRG and SiO;, layers, an
XP$ analysis was carried out using a PHI 5500 Multitechnique System,
Bulk samples of both materials, SRO and SiO;, were required due to the
impossibility of the system to distinguish each individual layer in a
multilayered structure with nanometer-thick layers. XPS measurements
were carried out in 200-nm thick samples (either SRO or $i0;) at a depth
of about 50 nm, in order to ensure that information only from the bulk of
the samples is acquired, with negligible contribution from their surfaces.
The structural characterization was carried out by means of TEM. A
conventional mechanical polishing method was employed in cross-
section geometry with a subsequent low angle Ar~ ion milling up to the
electron transparency of the sample. TEM images were acquired by a JEOL
2010F microscope, operated at 200kV and equipped with a field emission
gun coupled to a Gatan imaging filter with 0.8 eV energy resolution,
EFTEM in scanning mode and HRTEM were employed to analyze the ML
structure and the Si NC formation, respectively. The crystallinity of the Si
NCs deposited onto fused silica substrate was analyzed by Raman
measurements in backscattering configuration with a Horiba Jobin-Yvon
LabRam spectrometer, exciting the samples with the 532-nm line of a Nd:
YAG laser at room temperature, keeping the power density on the sample
at 725 % 10*Wem ™. The optical properties were determined measuring
the photoluminescence emission of the films grown anto Si substratein a
range between 550 and 1050 nm, exciting the samples with the 325-nm
line of a He-Cd laser, using a power density of 8 x 10°Wem 2, and
collecting the emitted light with the same experimental setup; the PL
intensity of all spectra was corrected by the spectral response of the
system. Finally, time-resolved PL measurements were cartied out by
exciting the samples with the third harmonic line {355nm) of a
BRILLIANT Nd*":YAG 5-ns-pulsed laser at a peak power density of
10°Wem 2, while inspecting their emission at 650 and 850 nm, in arder
to understand the origin of the different luminescence contributions.
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Combined properties in Si NC-containing devices

6.2. Resistance state read through light
emission

As presented before, the selection of a Si02-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 SisNs 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 SisNy is present, but not the SiO2 capping
layer. The MLs and the SisNi 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 pA 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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6.2. Resistance state read through light emission

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.[”
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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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. (¢) Image of a device containing Si NCs MLs emitting light
in spot-like conditions when in LRS.

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
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6.2. Resistance state read through light emission

be found to report the combination of these two properties, although
with not so clear performance.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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ABSTRACT

In the last few years, the emergence of studies concerning the resistive switching (RS) phenomenon has resulted in the finding of a large
amount of materials being capable of acting as an active layer in such devices, ie., the layer where the change in resistance takes place.
Whereas the normal operation consists of the electrical readout of the modified resistance state of the device after electrical writing, electro-
photonic approaches seck the involvement of light in these devices, be it either for the active Set or Reset operations or the readout.
We propose in this work silicon nanocrystal multilayers (Si NC MLs) as an active material for being used in RS devices, taking advantage of
their outstanding optical properties. The resistance states of Si NC MLs were obtained by electrical excitation, whose readout is carried out
by electrical and electro-optical means, thanks to a distinguishable electroluminescence emission under each state. To achieve this, we report
on an adequate design that combines both the $i NC MLs with ZnO as a transparent conductive oxide, whose material properties ensure
the device RS performance while allowing the electro-optical characterization. Overall, such an occurrence states the demonstration of a $i
NCs-based electroluminescent RS device, which paves the way for their future integration into photonic integrated circuits.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:fereativecornmons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5119299

1. INTRODUCTION

Although the resistive switching (RS) phenomenon had been
known for many years, it was in 2008 when the first fully opera-
tional RS device was realized.” Materials presenting the RS phe-
nomenon, typically dielectrics, exhibit inner structural modification
after an electric field is applied through the two sandwiching elec-
trodes, resulting in controlled changes in resistivity under certain
electrical polarities.” This novel property allows dielectric materials
to act, when embedded in the proper device structure, as resistive
random-access memory (RRAM) devices that operate between at

filament (CF) across the dielectric material which, according to the
most established models, takes place via either the atomic diffusion
from the metallic electrodes toward the dielectric (electrochemical
metallization, ECM)* or the generation of oxygen vacancies due to
oxygen atom diffusion from the oxide-based dielectric toward the elec-
trodes (valence change mechanism, VCM).* The cydlic generation
and destruction of the CF has been investigated in a wealth of dielec-
tric and semiconductor materials, aiming not only at the full under-
standing of the fundamental properties of the RS phenomenon but
also at the determination of the optimum conditions for long-lasting

least two well-defined states, thus performing as digital memories.”
Indeed, the occurrence of RS between two well-defined resistance
states is widely accepted to be caused by the formation of a conductive

performance (that is, improved properties of a RRAM device).”"
Heterogeneous materials such as Si suboxides are of high interest,
since they are compatible with current electronic technologies. Within
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this context, previous works have been led by the group of Kenyon by
employing a TiN/SiO,/TiN structure devoted to understanding the
role of the dielectric/electrode interfaces in the CF formation and
destruction processes,”’ and to demonstrate that the presence of Si
nanoinclusions might as well contribute to the switching operation of
the dielectric layer.”*

The improved electronic properties yielded by nanostructured
silicon in comparison to its bulk counterpart have led, during the
last few decades, to the in-depth investigation of their underlying
fundaments, in order to optimize their performance to be applied
in the electronics and optoelectronics fields. In particular, the
quantum confinement effect, that is, the spatial confinement of
the carrier wavefunctions within the nanostructure, induces the
relaxation of the band-to-band transition selection rules as well as
an increase of the Si bandgap energy that can be controlled by
decreasing the particle size."”” Within the whole range of $i nano-
structures, matrix-embedded Si nanocrystals have provided, thanks
to their versatility and robustness, a model platform for examining
the structural, optical, and electrical properties of semiconductors
at the nanoscale level. Several works have been published that
pursued the determination of the physical mechanisms governing
the optical*™° and electrical’ ™" performance of $i0,-embedded
Si NCs, aiming at their applications as an active emitting layer in
light-emitting diode (LED) structures.”’ ™ Indeed, it is the size-
dependence of the Si NC properties what makes this material
system of great interest and, consequently, the adequate control of
NCs size and shape has focused much effort. Within this context,
arranging the NCs along multilayers (MLs) has led to excellent
control by depositing nanometer-thin Si-rich oxide (SiO,) layers
between stoichiometric $i0, barriers, the latter efficiently limiting
the Si excess diffusion from the $iO, layers during the postdeposi-
tion high-temperature annealing, The final process induces the pre-
cipitation and crystallization of the Si excess into ordered arrays of
$i NC superlattices.”**

Recently, new attempts on semiconductor and electronics indus-
tries to be adapted to the needs of the field of photonics, aiming at
fast light-based and material-free interconnections, constitute the
development of the novel concept of “optical memuiistor” as a requi-
site for the future in RRAM industry. The ability to optically write or
read (or both) the resistance state in a RS memory will increase the
overall device operation speed and provide a direct signal conversion,
while making this new technology fully-compatible with the photonic
integrated circuits (PICs). Although not fully exploited, some reports
on the optical memristor field exist. Mehonic et al. published on the
effect of light writing of SiO,-based RRAM devices, the generated
photoconductivity inducing permanent state switching until light
incidence was stopped, thus demonstrating the possibility of achiev-
ing light-triggered resistance switching.”® Furthermore, the group of
Leuthold has worked on optically-read electrically-written memris-
tors within a waveguide (WG) structure, where surface plasmon
polariton generation at the interface between amorphous Si and the
active WG material (Si) led to different optical losses (and thus
different readout) of the light beam through the WG*® Another
functionality which has not yet been fully explored is electrolumines-
cence (EL), i, an active optical response to electrical stimuli in each
resistance state after electrical writing. This occurrence has the
advantage of having the electrical and optical source integrated

ARTICLE scitation.orgfjournal/jap

within the same device,” instead of requiring external laser
sources for writing (light-triggered RRAM devices)* or reading
(through WG structure).”**>* Recent studies have reported on
structures containing Si NCs/Si0, MLs as an active memristive
layer, where not only the RS properties of 8i NC MLs were
inspected but also the role played by the number of Si NC/8i0,
bilayers on the CF formation was addressed.”” Given these dem-
onstrations and their well-known EL properties, Si NC MLs
become a great active layer candidate to develop “electrolumines-
cent memristors.” Electroluminescence in Si NCs, be it governed
by either bipolar carrier injection®”*” or impact excitation,"*
can be strongly influenced by the formation of a CF through the
nanostructures, which, in turn, may serve as a distinguishable
signature between both resistance states. It is this different EL
emission at each resistance state which can be exploited in PICs
as an indicator of the device memory state, and its modulation
paves the way to novel integrated optical RS devices for photonic
applications.

In this work, we demonstrate ZnO/Si NCs-based devices as elec-
troluminescent RRAM devices. For this, we embedded Si NC MLs as
the dielectric material (I) into a metal-insulator-semiconductor (MIS)
device design, where intrinsically n-type ZnO (M) serves as a top
transparent conductive oxide (TCO), and p-type Si is employed as
the substrate (S). Herein, we show that not only EL emission can
be achieved in a controlled way from this MIS device system but
also Si NCs provide a characteristic EL signal that allows distin-
guishing the resistance state of the device, desirable for optical
resistance switching applications.

1. EXPERIMENTAL DETAILS

Devices consisting of a MIS structure have been fabricated
using 8i NCs/Si0; MLs on top of a i substrate, with a ZnO elec-
trode as top transparent contact,”” as sketched in Fig. 1(a).
Plasma-enhanced chemical vapor deposition (PECVD) was the
selected technique to deposit five Si-rich oxynitride (SRON)/
SiO, bilayers on top of a p-type Si substrate, with nominal layer
thicknesses of 4.5nm and 1nm, respectively, following the
superlattice approach.”® The stoichiometry of the SRON layer
was held constant at $i0q¢3Ng .3, which corresponds to a Si
excess of [Si]exc= 17 at. %. An additional 2-nm-thin SisNy sub-
layer was inserted between the substrate and the first SRON sub-
layer, which was found to promote electron injection in inversion
conditions due to the contained fixed positive charges as a conse-
quence of its defective nature.*”*® The ML samples underwent an
annealing treatment at 1150 °C for 1h under N, ambient in a
quartz tube furnace, to promote the precipitation and crystalliza-
tion of the §i excess within the SRON layers in the form of $i NCs.
The material fabrication process was completed by passivating the
samples with H, at 450 °C, in order to get rid of undesired dan-
gling bonds. For more details on the ML deposition, the reader is
kindly directed to Ref. 37.

A direct observation of the sample structure was done via
energy-filtered transmission electron microscopy (EFTEM),
using a JEOL 2010F instrument (field emission gun operating at
200keV). To perform EFTEM, the instrument was equipped
with a Gatan Image Filter (with a resolution of 0.8 V), which
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allowed filtering the signal around the Si plasmon energy
(Es; ~ 17 €V). Prior (o the TEM inspection, the samples were pre-
pared by mechanical flat polishing and final low angle Ar’-ion
milling. As it can be observed in Fig. 1(b), the real thickness of
the final structure, measured by EFTEM, is in good agreement
with the nominal thickness of ~30 nm. The image also confirms
that the 8i NCs layers are clearly separated in the pristine state of the
sample, with no percolation through them whatsoever {previous
studies have shown that percolation appears for silicon excess above
=38-44at. % %),

Aiming at the electroluminescence performance of the
devices, ZnO (intrinsically n-type) was employed as top TCO
(resistivity of 0.1 c¢cm and ~75% transparency throughout the
whole visible spectrum),”**" which was deposited on top of the
MLs by means of atomic layer deposition (ALD) and afterwards
photolithography-patterned to achieve 500-gm-diameter circular
conlacts (lotal device area of ~2x 1077 em?). Finally, for the back
contact, the Si substrale was [ull-area Al metallized via evaporation.
Further details on the preparation of analogous devices can be found
elsewhere. """

For the electrical characterization, the devices were loaded
into a Cascade Microtech Summit 11000 probe station, properly
screened from external electromagnetic noise by means of a
Faraday cage. The current-voltage [{(V)| characteristics were
performed using an Agilent B1500 semiconductor device
analyzer. Finally, EL spectra were acquired via a Princeton
Instruments LN,-cooled CCD coupled to a monochromator
(400 1100 nm range).

1. RESULTS
A. RS cycle characterization

To attain knowledge on the RS behavior of Si NC MLs, the
devices were submitted to full (V) cycles, the voltage being
applied at the ZnO top electrode, as shown in Fig. 1(a). In partic-
ular, Fig. 2 displays a representative set of ten I{V}) cycles out of
one of the several device structures measured, using 50 mV steps.
Indeed, the curves exhibit Easily—idsntiﬁahle bipolar resistive

Al 20 nm
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= b FIG. 1. (a) Sketch of the MIS device
SiO, capping structure containing the Si NC MLs as
the insulator (1) layer, and ZnO (n-type
TCO) and Si substrale (p-type) as
metal (M) and semiconductor (S)
layers, respectively. For the electrical
and eleclro-optical  characterization,
voltage wes applied at the top elec-
trode while the bottom was grounded.
Thicknesses are not to scale. {b)
EFTEM image of an equally-deposited
sample, where the Si NCs can be iden-
tified in the ML structure, deposiled
over a Si substrate and with a capping
2 of Si0, (which was later removed for
device processing).

p-type Si substrate

swilching characteristics, which are described as follows: (1) a firs
sweep Lo positive voltages (V> 0) on the pristine device structure
(red curve) results in monotonous increase until
V=95V, (2) at which a sudden increase in current takes place.
This process is known as “electroforming,” and it is typically
ascribed to the first formation of CFs through the dielectric layer.:
Anticipating the electroforming process, we set the current com-
pliance {CC) at 100 #A, which was found to be the most adequate
one to allow the CF formation while avoiding permanent damage
to the device. This electroforming process was found to be very
stable in all the measured devices, always occurring at a voltage of

current
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FIG. 2. Typical current (in absolute value) vs voltage curves of the Si NC
ML structure under study, showing controlled bipolar RS cycles. In red, the
first cycle, corresponding to the pristine state, the electroforming process
(~10V) and the first Reset of the device; in black, the following i(V) curves
until completing 10 RS cycles. Current compliance of 100 A was employed
for V>0
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10 £0.5V. (3) The backwards voltage sweep down to V=0V
shows a very high conductivity in comparison to the pristine
state, due to the inner structural modification within the MLs: the
device lays now within the low resistance state (LRS). (4) Voltage
is then increased toward negative polarity (V < 0), exhibiting again
low resistivity. Two different conduction regimes can be observed
in LRS, while the device is under substrate accumulation condi-
tions. The first regime, down to -2V, is due to the current dis-
placement of the trapped charge in the structure, basically in
defects present either in the ZnO electrode or in the active $i NCs
MLs; in the second regime, beyond -2V, electron injection from
the top electrode already dominates conduction. When -8V are
reached, the current suddenly drops by almost two orders of mag-
nitude. (5) This is called the “Reset” process, and it is attributed
in the literature to the partial destruction of the CE>*
Afterwards, the device lays within the high resistance state (HRS).
(6) Again, the backwards voltage sweep down to V=0V induces
no modification of the resistive state of the device. (7) Last, fol-
lowing a positive voltage sweep, (8) the switch from HRS to LRS
can be achieved through the recovery of the CF due to their
reduction in the Set process, induced in our device beyond
V'=8V. Note that the HRS is more conductive than the pristine
state (hence the term “partial” is used for the destruction of the
CF in the Reset process).”

Overall, the various RS cycles recorded showed Set and
Reset voltage values spanning from 7V to 10V and from -6V
to -9V, respectively, which states a nearly symmetric perfor-
mance with a relatively low dispersion. This, added to the 2
orders of magnitude in the current difference between LRS and
HRS at a read voltage of Vieaa =—4 V (where conduction mecha-
nisms are well stablished in both resistance states), makes this
device structure a good candidate for controlled RS cycling,’
where future improvements can be developed to reduce the voltage
ranges of operation and the requirement of a CC. Finally, it must
also be mentioned that, after multiple cycles, we have detected an
increasing current level for the HRS both in negative and positive
polarization, which can be related to the low overall endurance of
the analyzed devices. No other trends have been observed neither
in the LRS current levels nor in the Set and Reset voltages.
Therefore, this occurrence indicates that the failure of the devices,
always taking place in the form of an almost permanent LRS,
could be attributed to the formation of CFs with lower reoxidation
state after every new cycle.

B. Electroluminescence emission

The well-known EL properties of SiO,-embedded Si NCs
make this material an adequate research platform to study the
effect of the RS phenomenon on the light emission properties of
the structure under study. In order to simultaneously characterize
both properties that the active layer exhibits, device structures were
submitted to the electroforming process and additional RS cycles
following the process previously described in Sec. Il A. The char-
acterization of the EL emission was then performed by having each
device in one of the two stable states (LRS and HRS) and applying
a constant voltage while both monitoring the current {to check that
the resistance state under study is maintained throughout the
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measurement of the emission) and acquiring the emitted EL
spectra. The voltage range analyzed was selected to include the Set
and Reset processes previously observed in the electrical characteri-
zation and employing a voltage step of 1V, resulting in respective
ranges for HRS and LRS of ~-8 V to 8 V and -6 V to 7 V. It must be
mentioned here that no clear dependence was found between the
number of cycles applied and emission intensity.

In Figs. 3(a) and 3(b), all the spectra collected for one device
in both resistance states (FIRS and LRS, respectively) are shown,
stating a clear difference in emission between the states and a
dependence with the voltage applied. In terms of polarity, the
structure shows no relevant emission when in substrate inversion
conditions (V> 0) in LRS. In any other case, when increasing the
voltage applied to the structure, the EL also shows a monotonous
increase in intensity. Regarding the wavelength dependence of the
EL, each state presents a clearly different spectral line shape,
whereas HRS shows a peak-like feature, a broad band appears at
high applied voltages in LRS, under substrate accumulation (V <0)
regime. This already indicates that EL from the device, strongly
dependent on the resistance state, might arise from different lumi-
nescent centers. A more in-depth characterization of the resulting
luminescence was performed for the EL spectra acquired for each
resistance state both in the inversion [Fig. 3(c)] and accumulation
[Fig. 3(d)] regimes, being the EL optical output read, respectively,
at Vigaa=7V and Vg =-6V. It is important to note that the EL
spectra are reproducible when acquired at the mentioned Vieq
during several performed RS cycles and in different devices;
this essentially means not only that the EL properties hereby
shown do have a real sample-related origin (i.e., not related to arte-
facts), but also that RS cyclability, i.e., stable process reproducibility
(see Fig. 2), is also extended to the EL domain.

As already mentioned above, Fig. 3 evidences distinct EL spec-
tral line shape at different resistance states and applied polarities.
On the one hand, the inversion regime exhibits, as it can be seen in
Fig. 3(c), a clear EL emission, centered around 900 nm, only when
the device is in the HRS. This emission is ascribed to radiative
recombination of quantum-confined excitons within the Si NCs,
as it is well established in the literature and has been previously
published by some of the authors.’**** The emission band is
asymmetric, exhibiting a shoulder at shorter wavelengths (higher
energies), which can be ascribed to the excitation of several NC size
populations. Nevertheless, considering the overall peak position
around ~900nm (~1.38¢V), we can estimate a dominant NC
mean size of ~4 nm, as confirmed by TEM studies and previously
reported for equivalent structures””**** On the other hand,
different EL spectrum line shapes can be found in substrate accu-
mulation conditions, where emission is detected only in the LRS, as
observed in Fig. 3(d). The clear broadband emission, from 500 to
1100 nm, resulting in LRS has been deconvolved, in the energy
domain, into two Gaussian contributions: a lower energy contribu-
tion centered at ~930 nm (~1.33 eV, red dotted line) and a broader
and higher-energy band around ~730nm (~1.70eV, magenta
dashed line). After immediate comparison to the inversion regime,
the lower-energy band can be attributed to quantum-confined
emission from the main NC size population; in contrast, the most
plausible origin for the higher-energy band is the emission of deep-
level radiative defects within the top ZnO electrode, typically
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FIG. 3. 3-dimensional plots of EL specira acquired under different Vieaq, Spanning from -8V lo 8V, corresponding to HRS (a) and LRS (b). The V.4 range was selecled
from the Set (8 V) 1o its opposite value passed the Reset (-8 V), in the case of HRS; and from the Reset (-6V) to the Set (7 V), in the case of LRS. (c) and (d) corre-
spond fo the EL spectra yielded by the devices at both HRS and LRS under read condilions: substrate inversion (7 V) and accumulation (-6 V), respectively. For the accu-
mulation regime, deconvolution of the main signal into different-origin contributions is represented with red dotted and magenta dashed lines.

donor-acceptor pairs generated at O vacancies andfor Zn instersti-
tials," as was recen(ly reported in an analogous structure.”

From a technological point of view, RS-dependent EL emission
means that a controlled direct transduction of the signal output is
produced and, therefore, it can be employed for faster and more
efficient communication between components in PICs. Therefore, to
be employed in this kind of circuits, the signal would have to be
detected by a different component of the PIC, which should be able
to distinguish between a light-emitting state and a non-emitting
one (if using binary logic). In a device structure such as the one we
propose here, the operation regime can be described by the inte-
grated EL emission observed in Fig 4 (obtained after integrating

the EL spectra plotted in Fig. 3), by selecting a reading voltage that
yields a large enough diflerence belween the states. By analyzing
both polarities in the graph, a good reading voltage may be selecled
for a maximum difference in emission between states at 8 V (inver-
sion reginie). Nevertheless, this reading voltage lays well within the
Set voltage range, thus implying a conflict in case the device sud-
denly changes its resistance state. To avoid this, the best voltage
value must be kept below (in absolute values) the writing voltage
ranges: 6V to -9V and 7 V to 10V, for Reset and Set operations,
respectively. After these considerations, the largest possible EL
difference is yielded around 6 V, thus making this the best possible
reading voltage.
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FIG. 4. Normalized EL emission intensity obtained by integrating the area
under the curve of the specira plotied in Fig. 3. Both states can be distinguished
in accumulation and inversion regimes, but eliminating the Reset and Set
voltage ranges, from -6V to -8V and from 7 V o 10V, respectively; the largest
difference between states is found at 6V, making this the optimum reading
voltage.

Up to this point we have shown how our ZnO/Si NCs-based
RS device structures are capable of giving a distinguishable LL
emission in different resistance states when employing reading
conditions that have been stablished for 6V, ie., not forcing the
device Lo a point where an undesired Set or Resel lakes place, while
keeping strong EL emission. In particular, quantum-confined Si
NCs emission dominates in HRS, although these nanostructures
exhibit non-negligible LL even in LRS; instead, a broad band
extended to the visible, ascribed to the added emission of ZnO
defects, is only observed in LRS. Indeed, the demonstration of such
diflerence in emission belween both resislance states makes (1)
Zn0/8i NC MLs/(p)Si MIS structure a good candidate for the
novel field of EL memristors.

IV. DISCUSSION

The results hereby presented demonstrate a relation between
the RS behavior and the LL emission of the (n)ZnO/Si NC
MLs/({ p)Si structures under study. Indeed, it is possible to imme-
diately identify the resistance state of the device only by monitor-
ing its emission aller electrical excilation al a parlicular reading
voltage value. Four different emissions can be distinguished
according to the resistance state and the electrical applied voltage
pnlarity [see Figs. 3(a) and 3(b)], whose main emission features
are summarized in Table 1. Please note that the different charac-
teristics of the $i NC-related emission poses a clear progress on
the oplical reading of the resistance stale, by yielding a clearly-
distinguishable EL emission. In addition, the selection of ZnO as
top transparent electrode is far from unintended, and its lumines-
cent centers extended through the visible range (>500 nm) only in

ARTICLE scitation.orgfjournalfjap

TABLE 1. Origin of the EL emission from tested structures as observed in Fig. 3,
at each resistance state and under different applied voltage polarities.

Resistance state\

voltage polarity Accumulation (V <0) Inversion (V> 0)

HRS (CF partially
dissolved)
LRS (CF created)

Si NCs (NIR, intense) Si NCs (NIR, intense)

Si NCs (NIR, weak)
ZnO defects (visible)

No EL

LRS and under accumulation regime serve as complementary finger-
print to that of §i NCs."

Going more in depth in this issue, the fact that distinct EL
emission is yielded under different resistance states implies that a
correlation exists between the structural modification of the layer
containing the Si NCs and the electrical excitation of the different
luminescent species within the whole system. Therefore, we intend
to explain our observations by means of a simple model of the
structure under study, as sketched in Fig. 5. With this aim, we will
follow the RS cycle as presented in Iig. 2.

As observed by LEFIEM [Lig. 1(b)], after the fabrication
process, the matrix-embedded Si NCs are arranged along multi-
layers due (o their conflined growth through the superlatlice
approach.”* This is the so-called pristine state, and il presents peri-
odical SiO, barriers between NCs that strongly influence charge
transport.”*" In this state, positively biasing the top electrode (sub-
strate inversion regime) results in the injection of substrate electrons
into the dielectric [Pristine, Fig. 5(a)], giving as a result the emission
of 51 NCs-related EIL. Regarding the possible EL excitation mecha-
nisms, it is still controversial whether bipolar electron-hole injec-
tion”"" or hot electron impact™™" dominate NC excitation
within ordered MLs. Under these conditions, being the Si sub-
strate p-type, minority carrier (electron) injection from the sub-
strate should be totally quenched, and thus no emission should be
observed. Notwithstanding, the thin PECVD-deposited Si;Ny sub-
layer between substrate and MLs acts as a reservoir of fixed posi-
tive charge which, by means of Coulombian attraction, enhances
the injection probability of electrons, as recently reported on an
analogous device structure.” As a result, Si NCs-related emission
still takes place; and regarding the excitation mechanisms, hot
electron impact is almost certainly the origin of emission, since
hole injection from the ZnO electrode can be excluded.

High positive electrical polarity applied at the gate electrode
altracts oxygen ions which move (oward it, thus generating oxygen
vacancies al the 8i/$i0 interfaces,” such as those surrounding Si
NCs; therefore, CFs are created through the Si NCs [electroforming,
Fig. 5(b)]. The formation of CFs through the NCs is supported by
previous observations,”’ and it creates a highly percolated $i NC
network along the vertical direction in which carrier confinement
is no longer possible. As a consequence, Si NC-related EIL emission
in LRS in the present electrical polarity is quenched. Please, note
that (although it is difficult to confirm without direct observation)
the possibility of the CFs being created entirely through the S$iO,
matrix (and not through the NCs) cannot be ruled out. As well,
previous works on Si NCs suggest the existence of a S$iOy shell
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FIG. 5. (a) Excitation of the Si NCs in the pristine state. (b) At V>0, CF formation takes place within the pristine device (electroforming) through oxygen ion alfraction
from the MLs toward the ZnO electrode. A nonemitting network of percolating Si NCs is obtained (LRS). (c) At V<0, electron-hole pair formation, and thus EL emissicn, is
altained within the Si NCs and the deep-level defect states in ZnQ. (d) At high enough negalive bias, CF parlial reoxidation lakes place via oxygen ions diffusing back
from the ZnO into the MLs (HRS). Si NC-related EL emission is observed under these conditions. (e) At V>0, the SisN, thin layer enhances the minority carrier injection
from the substrate, and therefore EL emission from Si NCs is still achieved. (f) Set process, where oxygen ions are again moved toward the ZnO electrode, similar to (a).
Arrows indicate charge and ion transport. Luminescent species frem which EL is observed, under each resistance state, are shadowed

1

surrounding the NC crystalline core,” which could generate an analysis. The observation of spot-like EL emission distributed along

additional path for CF formation. In any case, CF formation
through oxide cannot modify the description of the phenomena
hereby attempted. Regarding the bridging by multiple filaments in
contrast to other general explanations that use only one, the model
we present is just one possibility that requires of further structural

the ZnQ electrode (not shown here) supports the assumption of
multiple filaments being generated through the active layer, which
we will explore in future works. Already in LRS, negative voltage
polarity at the top electrode will induce substrate accumulation;
under these conditions, electrons are injected from the top
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electrode and holes from the Si substrate [Fig. 5(c)]. In spite of con-
duction through the CF being dominant in this resistance state,
conduction along the rest of the device volume may be enough to
excite a relevant population of NCs and thus contribute to EL, as
experimentally observed [see Fig. 3(d)]. As well, electron-hole pairs
can be generated within ZnO deep-levels by either direct electron
impact or the injection of holes created at the ZnO/MLs interface,
as previously reported.”” In any case, the final result is the excita-
tion of both luminescent species (8i NCs and ZnO defects) and
their consequent EL emission. From a macroscopic point of view,
the occurrence of emission coming from the ZnO electrode is sup-
ported by the observation of bright visible spots (even with the
naked eye) on the surface of the device, which results in electrode
damaging due to the high current density reached at the contact
points between the CF and the ZnO produced during the Reset
process, when current reaches a maximum value circulating
through the CF; this damage is still observed after device operation.
Through repeated visual inspection of the device, no increase of the
damaged areas has been observed after it first takes place during
the first cycle.

Under negative bias, and using high enough voltages, oxygen
ions preferentially stored within the ZnO electrode diffuse back
into the MLs due to electrical repulsion from the top electrode. As
a consequence, oxygen vacancies will be filled and the CF partially
reoxidizes next to the ZnO/MLs interface [Reset, Fig. 5(d)].*
In this HRS and maintaining negative bias at the top electrode,
electron-hole formation within the NCs takes place (as described
above), which induces a clear $i NCs-related EL emission. After
positive biasing, substrate inversion occurs, after which the injec-
tion of carriers into the MLs is reverted: only electrons are injected
from the substrate [Fig. 5(c)]. Under the same conditions that
applied for the pristine state, Si NC-related emission takes place. At
this point, it is relevant to mention that, even when the electrical
and EL properties of the pristine and HRS states should be equiva-
lent, the former presents higher conductivity (see Fig. 2) and less
intense EL under both applied polarities. This is due to the CFs
being partially reoxidized after Reset, leaving some oxygen vacan-
cies behind. Part of the injected current in the HRS is leaked
through the remnants of the CF which contain non-confined Si
NCs, and therefore a weaker EL intensity is expected from the rest
of the unaltered Si NCs as only a part of the total current, and thus
a lower current density, is circulating through them. A high applied
positive polarity induces once more the movement of oxygen ions
toward the top electrode. This process forms the CFs again and
thus the device returns to the LRS [Set, Fig. 5()].

Finally, the hereby presented model, which is able to
completely describe our observations, is in good agreement with
most relevant reports on the topic. Some works have explored the
behavior of Si oxides under resistive switching processes and their
relation with 8i NCs.''"*" As well, the interaction of light in RS
materials has also been explored, such as the case of light-activation
of RS in the work of Mehonic ef al " and the reading of the RS state
via optical absorption modulation in the work of Emboras ef al”*
Indeed, the occurrence of EL emission following (and thus being
a consequence of) the RS cydle of a given dielectric material has
been already reported only in few works, some of which include
size-unconstrained matrix-embedded Si NCs.””" Nevertheless, the
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present work establishes a particular design, fabrication, and polari-
zation method aiming at fully controlling and tuning the optical
readout of the resistance state, making this unique combination of
material and device structure a strong candidate for the next genera-
tion oflight-integrating electronics.

V. CONCLUSIONS

In summary, we have explored the RS and EL properties of Si
NCs embedded into (1)ZnO/Si NC MLs/(p)Si device structures.
It has been observed that the EL emitted at each resistance state
(HRS and LRS) exhibits a distinguishable light emission after elec-
trical excitation under both regimes (accumulation and inversion
polarities). Of utter importance is not only the employed MIS design
but also its particularities: whereas a SisNy thin layer between sub-
strate and the MLs enhances the electron injection probability from
the substrate and thus electron-hole formation within the NCs, ZnO
was employed as top transparent and EL-emitting electrode. The
occurrence of additional light-emitting centers within the visible
range (ZnO defects) to the well-known NIR S$i NCs-related emission
has demonstrated to allow for characteristic EL at each resistance
state. In addition, the large difference in the EL emitted by the device
structures under inversion electrical polarity for each resistance state
allows for optically reading the resistance state of the device. As a
consequence, the utilization of Si NCs within the present design
could be the starting point for a new generation of EL memristors
which can be exploited for the integration of photonics and electron-
ics into the same physical location.
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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).['9 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 cm2 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.
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Figure 6.2. Readout of Si NCs containing RS devices at OV 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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6.3. Resistance state read through light absorption

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
1llumination. 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 2.4xX10-6 W. This
fact is remarkable, as an electrical reading requiring of 3 V would
already consume 1.8X104 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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Combined properties in Si NC-containing devices

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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ABSTRACT

The increasing need for efficient memories with integrated functionalities in a single device has led the electronics community to investigate
and develop different materials for resistive switching (RS) applications. Ameong these materials, the well-known Si nanocrystals (NCs) have
demonstrated to exhibit RS properties, which add to the wealth of phenomena that have been studied on this model material platform. In
this work, we present ZnO/Si NCs/p-Si resislive switching devices whose resistance state can be electrically read al 0V under the application
of low-power monochromatic illumination, The presented effect is studied in terms of the inner structural processes and electronic physics
of the device. In particular, the creation of conductive filaments through the Si NC multilayers induces a low-resistance path for photogener-
ated carriers Lo gel ex(racted from the device, whereas in the pristine state charge extraction is strongly quenched due (o the insulating nature
of the NC-embedding $iO, matrix. In addition, spectral inspection of the generated photocurrent allowed unveiling the role of $i NCs in the
reported effect. Overall, the hereby shown results pave the way to obtain memories whose RS state can be read under low-power conditions.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (hilp://
creativecotmmons.org/licenses/by/1.0/). hitps://doiorg/10.1063/5.0005069

The resistive switching (RS) effect, which has been researched
since the 1960s on resistive random-access memories (RRAMs) based
on dielectric materials such as SiOz,‘ has attracted great interest
because of its potential application in non-volatile memory storage
devices. The working principle of RS is the reduction of the dielectric
resistance by several orders of magnitude (low resistance state, LRS),
by enabling barrier-free (quasi-Ohmic) charge transport after adequate
application of an external electric field (and consequent current)
through the material. The main property of this effect is, however, its
reversibility, since proper polarity can recover a high resistance state
(HRS).” In some metal oxides, conductive filaments (CF) are created
mainly obeying two mechanisms, namely the diffusion of metal atoms
from the electrodes toward the dielectric (electrochemical metalliza-
tion, ECM)" and the vacancy generation by oxygen ion diffusion from

the dielectric toward the electrodes (valence change mechanism,
VCM).* In addition, some groups have reported that light can also
take part in RS, by either inducing stable CI formation (writing)™ or
reading he resistance state by means of electrical excitation (electrolu-
minescence) * ar optical transmittance (propagation losses in plas-
monic waveguides),” in what is so far known as optical memristor. The
study and development of these optical memristors can lead to a novel
area of photonics-integrated memory devices.

'The RS phenomenon has been widely studied in oxide niaterials,
Si suboxides (SiO,) being particularly interesting for the electronics
industry because of their compatibility with complementary metal-
oxide-semiconductor technology. Here, the works led by the group of
Kenyon have highlighted the importance of electrode/dielectric inter-
faces in the CF formation process, ' other studies being focused on

Appl. Phys. Letl. 116, 193503 (2020); doi: 10.1063/5.0005069
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the adequacy of certain metals to the diffusion characteristics within
Si-based matrices.'” After a high-temperature annealing treatment, $i
nanocrystals (NCs) can be produced, in which quantum confinement
allows for improved and size-controlled electronic properties with
respect to bulk Si."*"* Because of the wealth of optical and electrical
phenomena that §i NCs exhibit, this material has served for many
years as an adequate research platform for the study of semiconduc-
tors; nevertheless, only a few works exist on the RS properties of 8
NCs."**** In this regard, the electro-optical properties of $i NCs can
be coupled to their RS to perform proof-of-concept optical memris-
tors. In particular, we hereby propose a Si NC-based RS device where
the resistance state can be read at 0V by exhibiting a clear photocur-
rent response in LRS when exposed to low-power illumination.

To perform the present study, size-controlled Si NC multilayers
(MLs) were prepared via the superlattice approach,””™ by depositing
5 % 8i0posNoss [Si-rich Si oxynitride (SRON), 4.5 nm]/SiO,(1 nm)
bilayers on top of a (100) Si substrate (p-type, base resistivity of
1-20Qcm) using plasma-enhanced chemical vapor deposition
(PECVD). Afterwards, a high-temperature annealing treatment was
carried out at 1150 °C for 1 h in a N, ambient atmosphere, to induce
phase separation, thus resulting in the precipitation of the Si excess
(17 at. % at the selected stoichiometry) and its crystallization in the
form of §i NCs. This process was followed by H, defect passivation at
450°C for 1 h, to get 1id of the undesired dangling bonds. Prior to the
ML deposition, a 2-nm-thick Si;N, interlayer was PECVD-deposited on
top of the Si substrate, which improves the injection of minority carriers
(electrons) from p-Si in substrate inversion conditions.”” The device
structure was achieved by depositing a 100-nm-thick ZnO layer on top
of the MLs via atomic layer deposition (ALD) at 200°C,*** which acts
as a transparent conductive electrode (almost negligible absorption
throughout the visible range, conductivity ¢ > 100 Q™ "cm™). A con-
trol sample was also fabricated containing neither the Si NC MLs nor
the Si;Ny interlayer (ie, ZnO ALD-deposited on top of the p-Si
substrate). Conventional photolithography was then used to circularly
pattern the ZnO electrodes (area ~8 x 10~* cm?). Finally, the back con-
tact was achieved by full-area Al deposition. The inset in Fig. 1(a) shows
the schematic of the final device structure. Further details on material
and device preparation can be found elsewhere.”” "

Electrical characterization [current-voltage I(V) and current-
time I(f)] of the devices was carried out at room temperature, in the
dark and under llumination, using an Agilent B1500A semiconductor
device analyzer connected to a probe station. The devices were polar-
ized by applying voltage on the top ZnO electrode while grounding
the Al-coated back contact. For measurements under monochromatic
llumination, the devices were illuminated through the top ZnO elec-
trode using either a 532-nm continuous wave laser (at power densities
spanning from 0.1 to 200 mW cm™?) or a Xe lamp coupled to a
monochromator (reaching power densities of ~0.5-2 mW cm ™ * in
the spectral range of 300-1100 nm). The spectral response (SR) was
obtained by recording the current at each incident wavelength, once
normalized by the corresponding optical power density.

To inspect the RS properties of the device structure, several devi-
ces were analyzed by means of I(V) sweeping at both positive (V> 0,
substrate inversion regime) and negative (V < 0, substrate accumula-
tion regime) voltages. As shown in Fig. 1(a) for one representative
device of the set, the employed device design exhibits bipolar RS
behavior. To obtain these characteristics, a particular I(V) protocol

107

|Current] (A)
g

FIG. 1. {a) /{V/) characterization corresponding to the device under test. The electo-
forming cycle and four subsequent cycles are plotted in red and black, respectively.
The set and resef processes are highlighted using dashed circles. The inset shows
a skefch of te device sfructure. (b)~(d) Schematics showing the CF formation
across the Si NG MLs: pristine (b), LRS {(c}), and HRS (d) states

must be followed, whose steps are described in the following, the pris-
tine state of the device [Fig. 1(b)] being the starting point. First, an
increasing positive voltage is applied, which induces a gradual increase
in current until a sudden change takes place around ~11V, after
which the device exhibits higher conductivity, reaching the LRS. This
initial process is called electroforming, and it has been previously
attributed, in Si-rich oxide-related materials,®” to the diffusion of
loosely bound O~ jons within the SiO, lattice toward the upper elec-
trode (where a positive voltage has been applied); as a consequence,
the generated O vacancies Voot constitute at least one high-
conductivity path, a CF, improving the electrical conduction of the Si
NCs/Si0, multilayers [Fig. L(c)]. In order to prevent excessive current
to cause permanent damage to the device during this electroforming
process, a current compliance of 100 yA was employed. Already under
substrate accumulation (V< 0), the conductivity level is held high
until reaching V ~ —7.5V, where a sudden decrease occurs, obeying
to a partial reoxidation of the generated CFs during the electroforming
process, le., the resef process [Fig 1(d)]. The device lies now within
the HRS, where current levels resemble those corresponding to the
pristine state of the device. After this first RS cycle [red color in
Fig. 1(a)], subsequent I(V) cycles exhibit similar processes, attaining
the LRS (set process) at voltages between 8 V and 10V, and HRS
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(reset) at voltages between —6'V and -9V to attain lower sef and reset
voltages, a lower number of SRON/SIO, bilayers should be employed,
as demonstrated in similar material systems in the literature.”
Regarding the overall RS performance, our devices exhibit an evident
conductivity variation between the LRS and the HRS, an Ijpe/lypg
ratio of ~10*-10° being measured at 3 V.

Please note that we have assumed the main CF generation taking
place through the 8§i NCs. Indeed, this is the most plausible framework,
since other works in the literature have demonstrated in situ creation
of Si-rich regions in stoichiometric Si oxide after electric field applica-
tion,” the group of Kenyon as well concluding that a CF is generated
through Si-rich regions in $iO, thin films.”® In addition, the suboxide
region surrounding the $i NC is likely to contain O vacancy-related
defects,” which might enhance the local probability of CF generation.
One last comment must be made regarding the ZnO electrode. In con-
trast to the clear RS effect observed in devices containing sputtered
Zn0,%”” ALD-deposited ZnO was found to exhibit a high conductivity
(o > 100 Q2 em™).%%*! As a consequence, no RS takes place on the
ZnO/p-8i reference device, even at applied voltages higher than 40V,
and therefore, no contribution of the electrode on the CF formation
through the 8i NC multilayers is expected.

So far, the device structure has demonstrated to behave as a bipo-
lar RS device, exhibiting a clear difference between both resistance
states in both voltage polarities. Taking profit of the easy-identifiable
RS states, we inspected the impact of controlled illumination on the
electrical properties at each state, using visible light. For this, we mea-
sured the evolution of current with time without applying any voltage,
ie,at V=0V, in the pristine, LRS, and HRS states from a single RS
cycle in different devices. In Fig. 2(a), the I(f) transients corresponding
to each state from a representative device, both in the dark and under
illumination (532-nm laser, ~20 mW cm™2), are plotted, where the
change between dark and illumination is clearly indicated by vertical
dashed lines. It is evident that the application of light induces an
increase in current (photocurrent) in each resistance state, always well
above the (dark) noise level (around ~ 107" A, which is the resolution
of our experimental setup). Actually, under illumination conditions,
the change in current is much more pronounced for the LRS, reaching
a current increase up to five orders of magnitude with respect to dark
conditions. Instead, when operating in the pristine or in the HRS
states, the current only increases up to one or two orders of magnitude,
respectively, from the noise level. Several devices under test showed
the same behavior. In addition, the RS state of the device was read dur-
ing five cyces on the same device hereby presented, only showing a
slight random dispersion in LRS and HRS photocurrent, and thus con-
firming that this observed difference between the LRS and HRS is not
stochastic.

The measured current under llumination is coming from photo-
carrier generation promoted by the optical absorption of light either in
the Si substrate or in the Si NCs (almost negligible absorption is
expected in ZnO given its high transparency at the measured wave-
length), whose extraction takes place thanks to the internal electric
field created by the heterojunction (a negative flatband voltage around
-2V exists, according to capacitance-voltage measurements carried
out in the past and reported in Ref. 19). This inner electric field is suffi-
ciently intense to allow photogenerated electrons to sweep toward the
top ZnO electrode and photogenerated holes to be collected by the Si
substrate, which induces the extraction of a non-negligible current.
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FIG. 2. {(a) Time evolution of the current, at 0V, correspending fo the device under
sfudy (from Fig. 1) under 532-nm laser excitation, for each RS state: pristine (black
squares), LRS (red circles), and HRS (blue friangles). Vertical dashed lines indicate
the fime when light was switched on and off. (b) Laser power density dependence
of the average current level of the device while in the LRS. The laser power condi-
tions employed in (a) correspond fo the red open circle. Black full circles represent
the experimental data, whereas the red line serves as a guide to the eye

Although this occurrence can take place in any of the resistance states
under study, the $i0, barriers state a main drawback for the extraction
of photogenerated carriers when the device lies in the pristine and
HRS states (as confirmed by the low current levels reached under illu-
mination). In contrast, the CFs present in the LRS notably enhance
carrier extraction of the system, thus resulting in a clearly different
electrical response between LRS and HRS under illumination, around
~3 orders of magnitude. Finally, to push the device to its detection
limit, we measured the generated photocurrent in the LRS under dif-
ferent laser power densities, whose results are plotted in Fig. 2(b). We
could observe a sizeable signal even at values as low as ~0.3 mW
em ™, which corresponds to a power of 2.4 X 107° W after consider-
ing the device area (totally illuminated in our experiment). This optical
power is about two orders of magnitude lower than the required one
for reading the LRS only by electrical means [the power in LRS at a
read value of 3V is about ~1.8 x 10™* W, see Fig. 1(a)]. Furthermore,
we could also extrapolate our measurements to pulsed excitation for
evaluating the energy consumption of the reading process. Assuming
that capacitive effects are not relevant in the LRS (at least in the ns-
regime), and considering excitation pulses of a duration of 10ns (in
agreement with current works in RS devices),” the energy employed
for the lowest-power consumption photoelectrical reading of the LRS
would be 2.4 » 107 T, well below the pf limit exhibited by other RS
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systems in the literature employing only electrical means.”® Overall,
our results show that our RS system state can be photoelectrically read,
which supposes a lower power consumption than if purely electrical
means were to be considered.

To elucidate the photogeneration origin within the device struc-
ture, we proceeded with the spectral analysis of the electrical response
of the LRS, at 0V and using monochromatic excitation from 300 to
1100 nm [power density of ~0.5-2 mW cm ™2, above the device sensi-
tivity limit, as shown in Fig. 2(b)]. The obtained SR, once adequately
normalized to the energy of the incident photons, yields the external
quantum efficiency [EQE = SR x (h x &)/(g % A), h being Planck’s
constant, ¢ the speed of light in vacuum, g the elementary charge, and
A the associated wavelength to the incident photon], which represents,
at each incoming wavelength, the number of extracted photocarriers
per incident photon. Figure 3 plots the EQE spectram (at 0'V) corre-
sponding to the device under study in the LRS (red circles), and that
from a control device only containing the p-Si substrate with ALD-
deposited ZnO on top (black squares), which exhibits a direct electrical
connection between these two materials. Given the low power density
of the monochromatic source, no EQE spectrum could be obtained
from the device under test, at 0V, either in the pristine or HRS states;
instead, the spectrum corresponding to the pristine state was acquired
at 8V for the sake of comparison (blue triangles). It is important to
note that the EQE spectrum from the device under test still presents a
sizeable EQE in the transparency region of $i NCs (1 > 1000 nm),”
arising from carrier photogeneration in the bulk Si substrate. When
comparing the EQE of the device in the LRS to the Si NC-free refer-
ence device, three pieces of evidence immediately arise: the NC-based
device in LRS exhibits (i) a much lower EQE (about three orders of
magnitude), (i) a change in the EQE line shape, and (iii) a blueshift of
the EQE low-energy edge.

On the one hand, the limited photocurrent extracted from the
devices containing Si NCs—observation (i)—could be ascribed to the
presence of insulating layers (SiO, and $i;Ny), which notably hinder
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FIG. 3. External quantum efficiency specira, cbtained under illumination and at 0V,
cerrespending fo the device under sfudy while in the LRS stafe (red circles), and
acquired at 8V while in the pristine state (blue friangles). The EQE corresponding
o a ZnO/p-Si reference device, at OV, is provided as Si NC-free reference (black
squares). The pristine state and reference EQE specira are respectively divided by
a facfor 10 and 1000 to match with the signal level of the test device in the LRS

the photogenerated carrier extraction; moreover, in the case of the
LRS, the defective nature of the CF (or CFs)™ might reduce the carrier
diffusion length. Actually, the generated Vo' that constitutes the CF
may generate a local region with mixing of those compounds (8j, $iO,,
and/or SiN,) that, together with its defective nature and its limited
cross section, could be contributing to limit the overall carrier extrac-
tion. On the other hand, observations (ii) and (iii) suggest that the Si
NC/8i0; MLs contribute to carrier photogeneration in the LRS. The
EQE line shape for the device containing the NCs—observation (ii)—
presents a more pronounced feature at shorter wavelengths, which is
compatible with the larger density of states in this range of energies for
nanostructured Si”>** Finally, the fact that there is a blueshift of the
EQE edge at longer wavelengths—observation (iii)—also indicates a
higher bandgap energy than bulk Si, compatible with carrier quantum
confinement within Si NCs.*'* Indeed, the EQE spectrum at 8V
corresponding to the pristine state of the same NC-containing device
confirms both observations (low-energy edge blueshift and more effi-
cient high-energy photoresponse). Therefore, the three pieces of evi-
dence are in agreement with 8i NCs playing an important role in the
electrical properties under illumination after electroforming, where the
carriers are preferentially extracted through the CFs, ie., the lower-
resistance paths.

In summary, the clear influence of the Si NCs to the EQE of the
device under study in the LRS must necessarily be linked to the CFs.
Bearing in mind that carriers are mainly absorbed by either the $i NC
MLs or the Si substrate (CFs present a much lower cross section com-
pared to the device area), they need to be collected by the CFs and sent
to the external circuit. Photogenerated carriers at the Si substrate can
easily be driven by the built-in electric field toward the electrodes
through the CF. Instead, only carriers photogenerated at NCs close to
the CFs will be able to be extracted and thus contribute to photocur-
rent, since the NC MLs do not present a percolated network at the
employed Si excess.” Due to the fact that the size of the exciton in
Si is around 5-10 nm, the presence of an unique CF would result in a
poor carrier extraction from Si NCs. Thus, and given that evidence
through direct observation is still lacking in the research area, it is
plausible to believe that a dense network of CFs should be created
across the whole ML stack, giving rise to an effective medium that is
electrically connected in the vertical direction.

The hereby presented results have shown that the Zn0/Si NC
MLs/p-Si structure not only exhibits RS properties, but also that its
resistance states can be unequivocally distinguished at 0V by its expo-
sure to low-power light. Here, the role of 81 NC MLs is important,
since (i) the presence of SiO, ensures a bottleneck for photocarrier
extraction under the HRS (and it therefore limits, or even prevents,
photocurrent signal) and (ii) tuning the NC size might help selecting
the light wavelength to which the LRS resistance state could be read.
Overall, we have demonstrated a RS device structure whose memory
state can be read under ambient light using zero electrical power,
which paves the way to a future integration of § NC-based RS devices
into photonic integrated circuits.
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6.4. Photovoltaic improvement with electroforming

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 SiO: 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
1llumination (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
1s 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 6.1,
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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Combined properties in Si NC-containing devices

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-S102/513N4/Si devices.

Resistance state Pristine HRS LRS
Isc (PA) 10 60 4x104
Voc (mV) 160 500 280

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 pA 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 105 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 102 %.
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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-% %.

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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ARTICLE INFO ABSTRACT

Keywaords:
Silicon nanverystal multilayers

In this work, the relation between the photovoltaic and resistive switching (RS) properties of metal-oxide-
semiconductor devices containing Si nanocerystal (Si NC) superlattices is investigaied. A first approximation
concludes that the low resistance state achieved by the RS process allows for enhanced photogencrated carricr
extraction when compared to the high resistance state and pristine devices. By using different current compliance
valies during the electroforming process, the low resistance state is further modified, improving its conductivity
and the collection probability of photlogenerated carriers. Conversion efficiency is enhanced by at least one and
up to five orders of magnitude by applying different electroforming processes. In addition to promoting the RS
properties in these devices, spectral response measurements demonstrate that Si NCs are partially responsible for

Resistive switching
Photovoltaic effect
Solar cells

the optical absorption, and that their contribution is maintained after electroforming. We thus conclude that the
proposed methodology can improve the conversion cfficiency of this and other multijunction solar cells or
structures that also exhibit RS properties. Through RS, a dense network of conductive filaments is promoted in
the insulating region, which reduces the travel distance of photocarriers for their collection.

1. Introduction carried out, but with little success owing to the inefficient extraction of

carriers generated after photon absorption [6,7]. This low performance

Silicon nanocrystals (Si NCs) have attracted much attention during
the last two decacles thanks to their higher radiative-transition rate with
respect to bulk Si. Moreover, the electronic quantum confinement
within the NCs can be engineered by controlling their size, and thus their
band gap energy [1,2]. One of the approaches to achieve control on the
NC size is depositing alternated nanometric stoichiometric and
non-stoichiometric silicon dioxide multilayers (MLs) and applying af-
terwards a temperature treatment [3], exhibiting outstanding structural
and optical properties. These properties have been exploited in the
particular field of photovoltaics, where the combination of higher
bandgap Si NCs and bulk Si in a tandem solar cell structure was
addressed, aiming at overcoming the Shockley-Queisser limit for single
bandgap materials [4,5]. In this frame, several attempts have been

is due to the insulating nature of the SiO; matrix, which, despite
conferring Si NCs an excellent potential barrier that favours quantum
confinement, it also makes it difficult for the current to flow through the
layers, consequently limiting the electrical conductivity of the system.

To solve the drawback of poor charge extraction, several approaches
exist in the literature that address the problem in different ways. On one
hand, doping the Si NCs and/or the insulating layers has been a
commonly employed strategy in the literature for improving their
electrical properties [8,9], by effectively achieving an intrinsic electric
field through the Si NCs/SiO; MLs, but at the expense of usually
employing processes including toxic reactants and inducing some dis-
order in both the SiO; matrix and the Si NCs, which deteriorates the
overall optical properties of the system. On the other hand, it is also
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possible to directly influence the operation of the MLs-containing de-
vices without affecting their fabrication. In this case, and associated with
the limited electrical conductivity of $iO, and other dielectric layers, it
has been recentdy observed that atomic rearrangement can be induced
by applying a stong enough external electric field [10-13]. In SiOx
layers, this electric field can promote a large diffusion of 02 ions that,
in turn, contributes to the formation of nanometre-sized conductive
filaments (CFs), or conductive paths, that may even lead to the electrical
comnection of both electrodes [14,15]. As aresult, there is asudden, but
controlled, by means of a current compliance (CC), change in the elec-
trical resistivity that can be tuned under certain bias conditions. Being
this rearrangement process reversible, the creation or destruction of
those conductive paths modifies the device conductivity, giving rise to
either high or low resistance states (HRS and LRS, respectively). This
effect can occur many times and is known in the literature as resistive
switching (RS). This novel phenomenon allows dielectric materials to
act, when embedded in the proper device structure, as resistive
random-access memories (RRAMSs), by employing the intrinsic material
properties to mimie the digital behaviour used in memory storage.

The operation of RS devices is not trivial, and it requires an adequate
combination of applied voltage and injected current at different steps of
the cycle. In the most common structure for this kind of devices, a metal-
insulator-metal (MIM) capacitor, the initial dielectric nature of the oxide
active material sandwiched between the two metallic electrodes makes
it necessary to perform an electroforming process in order to promote
the first CF generation. Simultaneously to the creation of conductive
paths, a network of oxygen vacancies is also created, which plays a
major role in successive cycles of partial oxidation and reduction of the
aforementioned paths. Actually, this network of oxygen vacancies re-
mains within the dielectwic layer throughout device operation after
electroforming, making it more conductive than in the pristine state but
with little or no influence on the macroscopic optical properties due to
their small size relative to the device [16]. A schematic representation of
such described RS process and the different resistance states is detailed
in Fig. 1 for a MIM design, using a metal oxide as insulator layer.

Apart from the purely electric properties exhibited by RS devices,
light interaction with these sauctures has been demonstrated to strongly
influence on both the writing and the reading of their resistance states.
On one hand, RS devices using different semiconductor or dielectric
materials (like ZnO or SiO,) have undergene contolled illumination

ELECTROFORMING

Fig. 1. Schematic representation of the complete RS process in a MIM device,
with a metal oxide as insulator 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 a LRS.

Solar Energy Materials and Solar Cells 230 (2021) 111252

with the aim of lowering the required voltage for the elecroforming
process [17,18]. On the other hand, in a previous work employing
analogous Si NCs/Si0» MLs on a Si subswate, some of the authors
observed the possibility to electrically read the resistance state of the
devices at Vieq = 0 V, thanks to the photocarriers generated in the
substrate and the connections established between the top electrode and
the bottom p-type silicon substrate [13]. The combination of the excel-
lent optical properties and their improved electrical conductivity in the
LRS after the electroforming in 8i NCs can be exploited for photovoltaic
(PV) applications, overcoming in this way the high energy barriers that
Si0» pose to carrier extraction [19].

In this work we study the light interaction with Si NCs/SiO2 MLs
deposited on a Si substrate after the electroforming process for different
CCvalues ranging from 1 pA to 1 mA. When illuminated with white light
at 1000 W m2, a photocurrent enhancement of more than 5 orders of
magnitude with respect to the pristine state has been observed for CC
higher than 100 pA. This study demaonstrates the possibility of using the
RS phenomenen for selving the limited conduetivity presented by the
top dielectric-embedded Si NCs layers in tandem solar cells.

2. Materials and methods

Devices consisting of 5 x Sirich silicon oxynitride (SRON)/SiO,
superlattices (SLs) were fabricated by plasma-enhanced chemical-
vapour deposition (PECVD) on p-type (100)-Si substrates ([B] ~ 101

m3, resistivity ~1-20 £ cm), at a substrate temperature of 375 °C. The
thickness of the stoichiometric barrier layer was held constant at 1 nm,
found to be optimum for efficient charge transport [20,21], whereas the
thickness of the Si-rich sublayers, with a controlled stoichiomeuy of
Si0¢.03No.23 (corresponding to a Si excess of 17 at.%), was nominally
fixed at 3.5 nm. Prior to the first SRON sublayer, a 2-nm-thin SizNy
sublayer was grown on the substrate, with the aim of enhancing electron
injection to the MLs in inversion conditions due to the fixed positive
charges it contains, consequence of its defective nature [22,23]. A
10-nm capping SiO, layer was deposited on top of the structure, thus
preventing the samples from further oxidation and keeping the SL
structure during the post-deposition annealing process. The SLs were
annealed at 1150 °C for 1 h in a high-purity N, atmosphere in order to
induce the precipitation and erystallization of the Si excess in the form of
Si NCs. The existing dangling bonds were afterwards Hy-passivated. The
resulting average NC diameter was found to be dyc = 2.9 nm, as
determined by Raman spectroscopy following the same methodology
described in Refs. [21,24,25]. After all those processes, the $i0, capping
layer of 10 nm was removed by wet chemical etching. The final device
squcture  was achieved with a  photolithography-patterned
200-nm-thick layer of ZnO deposited by atomic layer deposition on
top of the SLs, as transparent conductive oxide (TCO), followed by
full-area Al metallization on the bottom of the p-type Si substrate,
resulting in a final device area of ~7.9 x 10 em? (see scheme in the
inset of Fig. 2). The overall soucture resembles a tandem photovoltaic
device, acting the Si substrate as the bottom junction and the Si NCs MLs
as the top multijunction, whereas the whole hetercjunction ZnO/Si
NC/p-Si provide a band offset of about 2 V [22]. Further details on the
material and device fabrication processes can be found elsewhere [20,
21,26].

Current-voltage [i(V)] characteristics were performed in dark and
under illumination by using an Agilent B1500A semiconductor device
analyser. The bottom contact (Al) was grounded, whereas voltage was
applied on the top contact (ZnO) that was swept from -7 V to 7 V and /or
-1 V-1 V, with slow enough voltage steps to ensure quasi-static condi-
tions (measurements were performed at voltage ramps of 100 mv s™! or
8 mV 57, respectively). For measurements under illumination, the de-
vices were illuminated with either a white light source (quartz-halogen
lamp) or by using a combination of quartz-halogen and Xe lamps
coupled to a monochromator with a 2-nm spectral resolution, which
allows for monochromatic excitation, The power density of the white
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Fig. 2. Current-voltage I(V) cycling applied to ZnO/Si NGs/p-Si devices
resulting in RS. The first cycle displays the electroforming and first reset of the
device with a solid red line. A representative (n™) cycle with set and reset
processes is depicted with a dashed-dotted black line. Both cycles employ 100
pA as current compliance for the electroforming and set processes. Inset in-
cludes a schematic sketch of the device. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

illumination is around 1 kW m2, simulating the optical power of the Sun
(solar simulator class B), whereas the power density of monochromatic
excitation in the 400-1100 nm spectral range lies in the order of
~0.4-1.2 mW m™2 Electrical current measurements under mono-
chromatic excitation allowed determining the spectral response (SR) of
the SL sauctures. The SR was obtained by measuring the variation, at 0
V, of the current generated under illumination and the residual current
existing in dark conditions, and normalized by the incident optical
power (i.e,, the incident photon flux). The external quantum efficiency
(EQE) has been evaluated from the measured SR. Reflectance mea-
surements at normal incidence were carried out with the same
monochromator-coupled quartz-halogen and Xe lamps using an inte-
grating sphere.

3. Results and discussion

Solar Energy Materials and Solar Cells 230 (2021) 111252

20 V, using a CC of 100 pA, to induce the electroforming process (solid
red curve in Fig. 2). It is evident from the curves that there is a sudden
increase in the current at a voltage around 11 V, reaching this CC value.
Reducing the voltage down to zero, the change in the 1(V) characteristic
is clear, as the devices exhibit a much lower resistivity: the device is
currently in the LRS. Further reducing the voltage down to -12 V, the
current starts increasing (in absolute value) until there is another sudden
current decrease at -9 V, indicating an increase in its resistivity: the
devicelies now in the HRS. Please note that our (V) curves evidence that
the HRS is slightly more conductive than the pristine state, due to the
partial formation of the CFs, as it has been reported elsewhere in the
literature [27]. After this first voltage sequence, the device underwent
subsequent RS cycles alternating from LRS to HRS (a representative one
being displayed as the black curve in Fig. 2), as shown in previous works
using similar devices [10].

Using these three different states of the ZnO/Si NCs-SiO5/p-8i de-
vices (pristine, HRS and LRS), we analysed their (V) characteristics
under illumination, comparing them to the ones obtained in dark. In
Fig. 3, we present the experimental results obtained for each state in
dark and under white light illumination (1 kW m’z). There is a clear
current increase at all voltages in pristine and in HRS under illumination
(more than one order of magnitude for V > 2 V) as a consequence of the
photocarriers generated within the whole device structure, thus
increasing its conduetivity. The situation in the LRS is, however, slighdy
different since only a rather marginal current increase (a factor 2 at high
V) can be observed. As a summary, Table 1 compares the associated
resistance values for a commonly employed read voltage of Vyeaq = 0.1
V, calculated from the data in Fig. 3. As it can be observed, theresistance
decreases from pristine to HRS and again in LRS, both in dark and under
white light illumination.

Apart from the already mentioned increase in the conductivity for all
states, all the curves present a sizeable current and voltage either at V=
0V or I =0 A, respectively (see insets in Fig. 3), revealing weak but non-
negligible short-circuit current (fgg) and open-circuit voltage (V) in
each state. This is due to the fact that the device structure in the pristine
state resembles a p-i-n heterojunction, such as the ones devoted to PV
applications [28], which allows extracting some of the photogenerated
carriers before their recombination. The inset for each RS state in Fig. 3

Table 1
Associated resistance values for the different states and measurements per-

. .. formed in Fig. 3, at a read voltage of V, 0.1V,
In order to obtain the current-voltage I(V) characteristics of the three i 8 read
different resistance states (pristine, LRS and HRS) in dark, the ZnO/8i Rerisrme (MQ) Retrs (M) Rirs (M)
NGCs/p-Si devices underwent consecutive I(V) sweeps. Two complete RS In dark 1.3 x 10* 2.3 x 10° 4.6 x 10
cycles are displayed in Fig. 2. Initfally, the voltage was increased up to Under illumination 1.3 x 10° 1.0 x 10° 33 x 10°
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Fig. 3. Current-voltage I(V) measurements of the devices under study at the three different RS states: (&) pristine, (b) HRS and (c) LRS, using 100 pA as CC. Black
lines correspond to measurements in dark and red lines to measurements under white light illumination. Insets for each state present a zoom-in of the region close to
0V, allowing the observation of the generated photocurrent. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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displays a zoom-in to the measured voltage range close to 0 V, in linear
scale. To obtain reliable results in this range and to avoid either charge
trapping or other transient effects (especially for the pristine and HRS
states), these measurements were performed under quasi-static condi-
tions, by reducing the voltage ramp down to 8 mV 57, Indeed, the device
in its pristine state already presents a weak short circuit current of about
Isc ~10 pA (weak, but well above the resolution limit of our experi-
mental set-up, around 0.1 pA) and an open circuit voltage around V¢ ~
160 mV. In the case of the HRS, there are slighdy higher values,
obtaining Isc ~60 pA and Voc ~500 mV, which could be related to the
increase in its conductivity with respect to the pristine state that facili-
tates the extraction of the photogenerated carriers. The most impressive
results, however, are observed in LRS, where Is¢ ~40 nA, three orders of
magnitude higher than in HRS. In addition, we also observed a Voc
~ 280 mV, lower than the one observed in the HRS but much higher than
the one in the pristine state.

The observed change in the electrical behaviour, both in dark and
under illumination, can be explained by the RS mechanism. With the
application of an external electric field, oxygen migration is promoted
from the dielectric layer towards the positively-biased electrode,
generating a network of oxygen vacancies and conductive filaments of
nanometre-sized dimensions that end up connecting top and bottom
electrodes [14]. Thus, the presence of higher conductivity sites diswib-
uted throughout the dielectric (ie., the CFs) increases the diffusion
length of the photogenerated electron-hole pairs, thus reducing their
recombination. This, in turn, facilitates their extraction, which results in
the overall improvement of their PV response in terms of Isc and, to a
lesser extent, of Ve Actually, the density of these CFs distributed along
the dielectric layer (i.e.,, Si NCs/SiO5) strongly depends on the first
electroforming process: an increase in the CC would induce higher ox-
ygen migration, generating a denser network of CFs, that results in an
enhanced PV response (although reducing its RS performance).

To analyse the effect of current compliance on the CF formation and
their influence on the PV response, an additional study was performed
with a set of different devices initially in the pristine state and submitted
to an electroforming process, each of them with a different CC value.
After the first CF generation, a [(¥) measurement from -1 ¥ to 1 V and
under illumination was performed. Fig. 4 displays a zoom-in of the -0.5
V-0.5 V region of the I(V) curves obtained in devices in the LRS where
different electrical stress were applied. The (V) curves show a clear
conductivity increase as the limit in the CC during the electroforming
process increases, evidencing different LRS. Moreover, all the curves

107 e T
— 1A 10 pA 100 pA —— 1 mA
Fl —5uA — 50 A —— 500 uA
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|Current| (A)
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Fig. 4. Zoom-in of the quasi-static current-voltage (V) measurements under
white light illumination of the devices under study in LRS after an electro-
forming process with different CC. The representation of the absolute value in
logarithmic scale allows visualizing the Is; as the current at 0 V (dashed line)
and the V¢ as the voltage at a peak towards low currents (equivalent to the
change of sign in linear scale).
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exhibit the same wend observed in Fig. 3c under illumination: there are
non-negligible values of Isc and V. InFig. 5a and b we have plotted the
short-circuit current density (Jsc, which is the short-circuit current
normalized by the elecaode area), and the Vi for each CC value: Jgc
shows a clear increasing trend, whereas V¢ exhibits a mostly constant
tendency although with a higher dispersion than the Js¢. From these
measurements, it can also be extracted the point of maximum output
power density (Pou,m) after the electroforming process, given by

Possn =TV W

where J, and Vy, correspond to the current density and voltage at the
maximum power point, respectively. The values of J;, and V};, have been
obtained by numerically evaluating the maximum power extracted.
From equation (1), the power efficiency () of the devices can be
calculated as the ratio between the maximum electrical output power
density and the light input power density (P;,):

Posr _ I Vi

Kl el 8

2

In the case of our experimental setup, the light source has an optical
power density of Py, — 1 kW,/m?, Following equation (2), Fig, 5¢ displays
the efficiency corresponding to the devices under test after the afore-
mentioned eleetroforming processes: the efficiency inereases from ~10°
% to 102 %, when the CC is modified from 1 pA to 1 mA, in good
agreement with the observed trend in Jsc and Voc.

The results here presented canrelate the trends exhibited by Jsc, Voc
and the conversion efficiency » to the structural modification taking
place in the material. On one hand, for a given incident photon flux, Jsc
depends on parameters related to geomeuy (area of the CFs and their
number) and photon-to-electron conversion (photon absorption, charge
generation and extraction, diffusion length). Of all these parameters, the
carrier diffusion length, and therefore the probability of carriers being
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Fig. 5. (a) Short-circuit current density, (b) open-circuit voltage and (c) power
efficiency in the LRS as a function of the current compliance applied during the
electroforming process to a set of initially pristine devices.
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collected by the electrodes, can be largely influenced by the generation
of a higher number of CFs, whereas the modification of the rest of the
parameters has minor (or negligible) conwibution, due to the small CF-
to-device volume ratio [16]. Indeed, according to the RS filament model,
either the size of the filaments or their number increases as CC increases.
In this frame, our increasing Jg¢ trend in Fig. 5a can be explained with an
increase in the number of filaments —or a combination with an increase
of their size- that increases the diffusion length of the insulating layer. In
order to be extracted before recombination, photogenerated carriers no
longer need to travel the whole thickness of the insulating Si NC/SiO»
but rather the distance to the closest CF. In contrast, just an increase in
the CF size without considering an increase in the number of filaments
would not be sufficient to collect so effectively the photogenerated
carriers.

On the other hand, Fig. 5b shows not so significant an evolution of
Voc with the CC as found for Jsc. Indeed, the V¢ represents the point
where photocarrier generation and recombination are in equilibrium,
and it is largely influenced by the reverse saturation current density, Js,
that is, the minority carriers circulating under dark conditions in
reverse. Under illumination conditions, the photogenerated carriers
recombine with these minority carriers. Since neither the photo-
generation nor Jg are expected to be affected by the presence of CFs, the
observed small variation of the V¢ with a high data dispersion can be
mainly atwibuted to device-to-device variability.

From the results displayed in Fig. 5¢, measured in the LRS, it is clear
that the PV properties of the Si NCs/$i0O2 MLs are strongly dependent on
the extent of the applied electroforming process. In particular, a higher
CC increases the extraction efficiency of generated photocarriers by
giving rise to a denser network of conductive filaments, through which
photocarriers are extracted before their recombination. Focusing on the
numerical results, it is found that increasing the current compliance by
three orders of magnitude (from 1 pA to 1 mA) results in a conversion
efficiency inerease of almest four orders of magnitude (from 7 ~ 107° %
to 7 ~ 1072 %). With respect to the pristine state, where extremely low
conversion efficiencies of 7 ~107 % are obtained (not shown here),
electroforming using the highest CC results in a LRS state with an effi-
ciency gain of almost five orders of magnitude. When reversing towards
the HRS, devices exhibit efficiencies of ~107® %, again demonstrating
that the conductivity level of the pristine state is never reached back,
owing to the partial re-oxidation of the CFs.

So far, the PV data proved that the structural modification of the
dielectric layer (SiNCs/SiO MLs) induced by controlled electroforming
improves charge extraction of the devices under study. Nevertheless,
this structural rearrangement can also induce alterations in the optical
properties of the devices, especially in terms of optical transmission and
absorption, which might be of great interest for solar cell applications. In
order to analyse the effect of the RS phenomenon on the optical prop-
erties, the EQE of the devices has been determined in the LRS after
employing different CC values, from spectral response [SR(1)] mea-
surements (current extracted per incident optical power, in A W), The
SR of the devices has been measured in the range of 300-1100 nm and at
0 ¥, which allows calculating the EQE of the devices by applying the
following relation:

EQE(i) = SR(2) % @)

where h is the Plank’s constant, ¢ is the speed of light in vacuum, g is the
elementary charge and . is the wavelength of the incoming photons. The
EQE spectra of the devices submitted to electroforming processes at
different GG are displayed in Fig. 6. It is evident that there is an increase
of the EQE at all wavelengths as the CC increases, indicating a clear
improvement of photocarrier extraction ratio at increasing CC. The re-
sults hereby reported again demonstate that the lower the current
limitation (i.e, the higher the CC), the more efficient the carrier
extraction and thus quantum efficiency.
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Fig. 6. (a) External quantum efficiency spectra in the LRS for each employed
current compliance. (b) Normalized EQE for the higher CC and comparison
with a ZnO/Si reference device.

From these spectra, the short-circuit current density (Js¢) of the de-
vices can be evaluated by considering the solar spectral irradiance F(1)
and the experimentally determined reflectance of the devices R(1) and
integrating in the range from 300 nm to 1100 nm (limiting the inte-
gration range to the near UY, where there is little spectral irradiance,
and below bulk-Si band-gap energy, where there is no absorption) [29].
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For the caleulation of Js¢ with Eq. (4), the F(2) employed corre-
sponded to the AM1.5G standard. When comparing directly measured
and calculated from EQE spectra, all values lie within the same order of
magnitude and the overall increasing tendency previously observed is
maintained. This fact well comroborates that the measurements per-
formed via electrical (current-voltage curves) and electro-optical
(spectral response analysis) methods are consistent with each other.

Carefully examining the spectra in Fig. 6a, three distinet regions are
observed, where the overall intensity is modified in a different way with
the CC: (i) lower compliances below 10 pA, which result in almost no
modification of the device EQE (as previously stated in Ref. [10], in
some cases these limitations result in unstable LRS); (ii) up to 100 pA,
where there is an increase in efficiency but differences between different
CC values are not significant; and (iii) at large compliances, where in-
crease of efficiency becomes evident (although at this point the resis-
tance state is not reversible, i.e,, the device is set to a permanent LRS).
Indeed, from this last region it becomes evident that the EQE line-shape
is barely modified irrespective of the employed current limitation level.

Comparing the line-shapes of the spectra represented in Fig. 6b for
different CC, the small differences observable can be identified with
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device-to-device variability. The spectral line-shape of these devices
compared with a reference Si sample has been previously analysed by
some of the authors (the reader is kindly redirected to Ref, [13]). It was
concluded in that work that whilst the Si substrate is responsible for
most of the absorption, SiNCs also contribute, as deduced from a swong
signal at short wavelengths and a blueshift at longer wavelengths, both
occurrences being compatible with quantum confinement (and thus the
presence of nanostructured Si) within the sample. These features are
maintained in the present analysis, as it can be observed by comparison
in Fig. 6b with a normalized EQE of the reference device, indicating that
even with large CC, CF generation does not induce a lateral percolation
of the Si NC networks [30,31], and therefore confinement of the Si NCs is
still maintained. It is therefore possible to conclude that, under the
current limitations employed in this study, the induced rearrangement
of randomly-distributed oxygen vacancies through the dielectric layer
results in an increase of the overall electrical conductivity and thus
carrier extraction, while barely affecting the optical absorption of the
presented devices.

Some authors have previously reported the effect of ferroelectric
resistive switching in the photovoltaic properties of ferroelectric mate-
rials, where the change in resistance modifies their conduction and the
interface with the electrodes [32-35]. These works are mainly focused
on the possibility of optically reading the device state, without exploring
the possible advantages of RS in tandem PV systems. The presented
methodology, namely the utilization of conwolled RS on PV absorber
materials to improve CF generation, is validated by our results and has
shown an improvement in solar cell efficiency. This can be extended to
other high-bandgap absorbing materials which simultaneously exhibit
RS phenomenon, to further enhance their extraction efficiency.

4. Conclusions

In this work, the RS methodology has been employed in combination
with electro-optical measurements in ZnO/(SiNCs/SiO, MLs)/p-Si
photovoltaic devices. A great enhancement of the PV conversion effi-
ciency of such devices has been achieved after electroforming, inducing
controlled nanoscale modifications within the dielectric layer in the
form of oxygen vacancies rearrangement and the consequent formation
of CFs. In particular, compared to the pristine and HRS states, when the
devices lay in the LRS they allow a more efficient photogenerated-
carriers extraction under either high-power white-light (class B solar
simulator) or low-power monochromatic-light illumination. In addition,
the use of higher CC values to limit the LRS is wanslated into enhanced
carrier extraction by increasing the density of the CF network, thus
attaining a higher collection probability. Finally, the spectral analysis of
photon-to-electron conversion in LRS and its comparison with a refer-
ence Si device has identified the non-mnegligible absorption of Si NCs
within the system, which is maintained at larger current compliances
indicating a small scale of structural modifications that do not
completely eliminate the quantum confinement properties associated to
Si nanostructures. Overall, the presented RS procedure applied to mul-
tijunction photovoltaic devices greatly improves their carrier extraction
efficiency while maintaining the optical properties, resulting in an
enhancement in their PV performance.
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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 mnecessity 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.

= 7nO 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 Tbh3* ions
embedded in an Al/Tb/Al/SiO: 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 CF's 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 Th-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/Si02 multilayers, an increase of resistance ratio and endurance
1s obtained.

Though EL is obtained for one of the states, its origin is in the
defects of ZnO rather than the intended Th. 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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7.3. Resistive switching of Si NCs in S102

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 S1 NCs in S109

Finally, a new search of possible materials for combined RS and light
interaction resulted in the testing of SiO2 with embedded Si NCs.
Though SiO: 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 O
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
1s 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 SiOz. 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 SiOg, 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
mempristors. 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.
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Resumo en Galego

Os dispositivos de conmutacién de resistencia van ser un tema dun
alto interese, especialmente dende o 2008, coma a mellor posibilidade
para a proxima xeracion de memorias e procesadores. Estes dispositivos
presentan un comportamento que lles permite modificar a sda
resistencia eléctrica entre dous ou mais estados e retelos sen necesidade
dun aporte externo de enerxia. En comparacion coas tecnoloxias de
memoria Flash ou DRAM que dominan actualmente o mercado, o
almacenamento de informaciéon pasa de ser en forma de cargas a
resistencia.

A posibilidade de ter dous estados de resistencia (alta resistencia
interpretada coma O e baixa resistencia coma 1) xa define unha
memoria dixital, ca vantaxe de ter alta velocidade de conmutacién,
menores dimensions para cada dispositivo individual e menor consumo
de enerxia, cando se comparan cas memorias Flash actuais. Estes
beneficios sinalan 6s dispositivos de conmutacion de resistencia coma
os substitutos das memorias Flash e a sta futura incorporacién a
memorias RAM.

Dende a sua primeira realizacién fisica, moitos foron os avances
logrados en termos de materiais utilizados, estrutura dos dispositivos,
modelos e integracién e escalado en redes e chips. Ademais, as
propiedades de estes dispositivos obren as portas a outras aplicaciéns
mais ald de memorias puras e a arquitectura von Neumann
convencional. Estas inclien computacion en memoria, asi coma
computacién inspirada no cerebro e neuromdrfica, onde a capacidade
analoga (mais de dous estados) dos dispositivos de conmutacién de
resistencia estan mais recentemente gannando atencion.

No contexto da investigacion en conmutaciéon de resistencia, esta
Tese Doutoral propofie un area adicional que se pode beneficiar no
futuro da inclusién destes dispositivos: a Optoelectréonica. A
combinacién de dispositivos electronicos e fotonicos ten coma obxectivo
aproveitar os beneficios de ambos campos e suplir as sias desvantaxes.
Dispositivos capaces de emitir, detectar, transmitir e controlar sinais
de luz xa son incluidos en telecomunicacidns, 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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mempristores opticos. Cando esta investigaciéon comezou, s6 uns poucos
traballos sobre o tema estaban dispoiiibles, sendo por tanto o enfoque
presentado de gran novidade. En esencia, dous tipos de dispositivos van
ser explorados e fabricados: memristores con emisién e absorcion de luz.
Sen embargo, ambos tiveron un requisito particular: foron necesarios
materiais transparentes para que a luz fose transmitida non sé a través
dos eléctrodos sendén tamén das capas activas dos dispositivos.

A primeira aproximaciéon a memristores emisores de luz presentada
explora as posibilidades de dispositivos emisores baseados en iéns de
terras raras. Estes elementos son comunmente utilizados na fabricacion
de capas de fosforos que son excitadas por un dispositivo emisor azul.
Cando se utilizan de maneira apropiada coma dopantes en matrices de
materiais 6xidos, estes elementos estan opticamente activos e podense
excitar electricamente Seguindo isto, estudiouse a emisién de
dispositivos con estrutura de Al/Tb/Al/SiOz. Unha reducién da eficiencia
de emisién ¢é identificada con propiedades de conmutacién de
resistencia, malia que s6 uns poucos ciclos son posibles.

Unha segunda aproximacién comeza con un Oxido condutor
transparente (TCO) que xa demostra propiedades de conmutacién de
resistencia na literatura: ZnO. Este material presenta vantaxes con
respecto 6 TCO mais utilizado, ITO, en forma dun material non téxico
e abundante. A maiores, pdédese dopar con iéns de terras raras
Opticamente activos. Do mesmo xeito que sucedeu no procedemento
anterior, a conmutacién de resistencia é posible, pero o engadido dos
16ns de terras raras reduce moito a sia resistencia.

Finalmente, unha estratexia diferente permite conseguir os
resultados obxectivo. Oxido de silicio é empregado coma un material con
propiedades de conmutacién de resistencia xa reportadas, onde
nanocristais de silicio (Si NCs) son incrustados coma centros
luminescentes. A stia combinacién resulta ser 6ptima para a aplicacién
obxectivo, lograndose dispositivos duradeiros con emisiéns ben
diferenciadas dependentes do estado de resistencia e que evita a sta
reescritura 6 ler.

Asemade, o rango de propiedades 6pticas que tefien disponiibles estes
dispositivos ca presencia dos Si NCs esténdese a absorcion de luz. Estes,
poden ser lidos de maneira 6ptica aproveitando o efecto fotovoltaico da
sua estrutura de célula solar tandem, distinguindo alta e baixa
extraccién de portadores dependendo do seu estado de resistencia.
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Por dltimo, explorase o efecto da conmutacién de resistencia e a
presencia de filamentos condutores nestas células solares, lograndose
un alto incremento da eficiencia cando se comparan a dispositivos
pristinos.
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