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Abstract

Abstract

Transparent Conductive Oxides (TCOs) are inorganic materials that
simultaneously exhibit both optical transparency and electrical
conductivity. TCOs are currently being employed as top electrode in
a large number of optoelectronic devices. Recent developments in
TCOs have shown their feasibility as active layers for solar cells, light
emitting diodes, thin film transistors, optical and electrical sensors and
plasmonic devices. However, these developments are based on
individual devices fabricated from different materials and
technologies. The possibility to use these materials in integrated
optoelectronics is a high-tech solution to perform advanced
functionalities together with efficient energy consumption for the
microelectronics industry. One interesting possibility is using TCOs
as host matrix for rare earth (RE) atoms, whose intra-atomic
transitions benefit from a narrow and well-defined emission spectrum.
Their emission can be modulated by selecting the adequate RE
species, being Er typically used for telecommunication wavelengths
or Ce, Tb and Eu for visible range applications.

Nowadays, resistive switching materials are providing a solution to
the fast scaling in micro- and nano-electronic devices as resistive
random access memory (ReRAM) thanks to the possibility to switch
between two different resistive states, high resistance state (HRS) and
low resistance state (LRS), when a voltage is applied. This resistive
switching has its origin in the creation and destruction of conductive
paths, mainly promoted by either metal diffusion from electrodes or
valence change mechanism. Among the different materials that
exhibit this resistive switching properties, metal oxides take
advantage of the diffusion of oxygen ions for promoting the
generation of oxygen vacancies, consequently inducing the formation
of the conductive paths. The excellent electrical conductivity of TCOs
in pristine state seems the main drawback for resistive switching
applications; however, these compounds can become insulators using
the appropriate fabrication process. Thus, the control of the
conductivity of these metal oxides (i.e., the control of their
stoichiometry) could be employed for using them as active layers for
resistive switching applications, or as transparent electrodes in
optoelectronics applications.



Abstract

In this Thesis, both electro-optical and resistive switching properties
of different materials have been explored. The first material studied in
this Thesis consists of silicon-aluminum oxynitride (SiAION), whose
controlled stoichiometry modification and the incorporation of RE
ions as luminescent centers were carried out. In this case, the material
exhibits excellent optical properties, showing emission from the RE
species. Moreover, SIAION presents also good resistive switching
properties, in which the formation mechanism of conductive paths has
been studied at the nanoscale by transmission electron microscopy.
This material was also explored by stacking AI-Tb/SiO2 nano-
multilayers via electron beam evaporation. This deposition
methodology demonstrated the incorporation of RE ions into the SiO;
layers,  exhibiting  both  photoluminescence  (PL) and
electroluminescence (EL) from the Tb%* ions. In addition, this
material is also showing resistive switching properties under specific
voltage excitation.

The other material studied in this Thesis is ZnO. In this case, this
material was employed both for hosting RE ions and as a transparent
electrical contact. lons like Tb and Eu were used to determine their
compatibility with the ZnO active layer, obtaining excellent results in
terms of emission. In addition, this metal oxide presents also good
resistive switching properties with and without the inclusion of the RE
species. In fact, the incorporation of Tb ions was found to modify the
resistive switching properties, which permitted studying their
influence over the oxygen diffusion during the creation of the
conductive paths. Furthermore, ZnO has been combined with an
active layer of silicon nanocrystals, in order to analyze the ZnO
properties as a top transparent contact. The EL emission obtained
from ZnO/Si NCs/p-type Si devices confirms the viability of
employing ZnO as n-type transparent electrode. Moreover and thanks
to the resistive switching properties of Si NCs inside SiO, these
devices also permitted analyzing the light emission in different
resistive switching states, opening the possibility to fabricate resistive
switching devices, whose resistive state can be read both electrically
and optically.
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1. Introduction

“Because it is so clear, it takes a long
time to realize it. If you immediately
know the candlelight is fire, the meal
was cooked a long time ago”

Oma Desala

Since the development of electronics during the second half of the past
century, silicon (Si) became the most employed semiconducting
material due to its excellent physical properties [1, 2]. With its rather
low-energy band gap (1.12 eV, near infra-red) Si exhibits a high
conductivity. Its mechanical and thermal stability, in part attributed to
a high crystalline quality of its zinc-blende structure, added to its non-
toxicity, Earth-abundance (Si is the second chemical element in the
Earth’s crust after oxygen) and mining easiness, makes Si an optimum
material for manipulation and mass-scale production. Indeed, the
present microelectronics industry is based on Si, and industrial
fabrication processes are well developed on very large scale.

Recently, the demand for faster interconnections and lower
transmittance medium dependence has led to a dramatic change and
development of the field of photonics, in which the main data
transport takes place via photons instead of electrons. The need for
non-material based (i.e., less susceptible to heat losses) connections
has made way to the use of light through the so-called photonic
integrated circuits (PICs), where the basic device components must
transmit, emit and/or sense photons in a controlled way. This
accomplishment would be a revolution in data computing and
communications, providing to the industry a most promising low-cost
technology for telecommunications, optical sensors and even
biosensing applications [3-6].

The compatibility with the complementary metal-oxide-

semiconductor (CMOS) technology is required to take advantage of
its excellent fabrication reliability, together with the direct integration
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1. Introduction

with other components. Therefore, the role of optoelectronics, i.e., the
development of devices able to efficiently convert photons to
electrons or vice versa, has acquired a great relevance for
semiconductors industry, and the search for novel materials able to
provide such efficient electron-to-photon conversion has been
boosted. In this way, photonic devices have been developed like
optical modulators [7], photodetectors [8] or light emitters [9] in the
long-distance data transmission windows, which ranges between 1300
nm and 1550 nm of wavelength. In the visible range, light emitting
devices have undergone an important evolution along decades with
the light emitting diodes (LEDs), recently completing all the visible
spectrum with the fabrication of the blue LED [10]. Unfortunately, the
indirect nature of the bulk Si band gap states a bottleneck for an all-Si
based photonics and optoelectronics, because the fundamental
valence band (VB)-to-conduction band (CB) transition is strongly
qguenched due to the mismatching in wavevector in the reciprocal
space. Different solutions for silicon-compatible light emitters have
been proposed using metal oxides [11, 12], combining the properties
of SiO2 and SizN4 within silicon oxynitrides [13], doping the materials
with rare earths (REs) [14, 15] or nanostructuring Si to improve its
optical properties [16, 17].

Nowadays, the poor energy efficiency of CMOS transistors and the
fast scaling in memories are considered a serious drawback within the
new era of big data and Internet of Things. This fact leads to the search
of a new generation of ultra-low-power nanodevices to overcome this
important challenge that the electronics industry faces. Resistive
switching (RS) memories or resistance random access memories have
become a solution for the next generation of nonvolatile memories
thanks to their low-power operation, high switching speed and
compatibility with the CMOS technology. There are many different
binary compounds that are currently under study for being used as
resistive switches, such as metal oxides and refractory materials like
TiO2, SNO2, HfO,, Ta20s, and ZnO, among others. They have shown
resistive switching response by forming Metal-Insulator-Metal
(MIM) structures, where the metals are typically Ni, Al, Cu, Ag or Ti
[18-26].

Thus, earth abundant metal oxides and/or refractory materials, which
are compatible with the CMOS technology, would allow developing
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new devices and functionalities by the integration of electronic and
photonic devices within the same chip. With the aim of developing
the bases of a new technological platform that combines both ReRAM
and electroluminescent devices, concepts and materials (on which this
Thesis is focused) are introduced in the following subsections, in
order to understand the fundamentals that govern them. In addition,
the objectives pursued in this Thesis are enumerated at the end of this
chapter. Finally, the contents of the different chapters of this Thesis
are briefly summarized.

1.1. Metal Oxides

Beyond the hydrogenated amorphous silicon, which has been the most
employed semiconductor in microelectronics, metal oxides (MOs)
have been widely studied in order to overcome drawbacks like the
optical opacity, mechanical flexibility or the low carrier mobility
(around 1 cm? V1 s1) that it exhibits. The first thin-film transistor
(TFT) based on MO was reported in 1964 using SnO2 [27], whose
performances were enhanced in following studies [28]. Other TFTs
were also reported based on polycrystalline MO materials like In203
[29] or ZnO [30]. Amorphous MO semiconductors were also
implemented, being one of the most interesting application the
utilization of In-Ga-Zn oxide as active-matrix in displays [31]. The
fact that many MOs present energy gaps larger than 3 eV is suitable
for optical application due to the transparency in the visible range that
these materials present. As well, electron mobility (pe) in MOs shows
a power law dependence on the dielectric constant of the applied
insulator gate [32]. This fact has been employed in the case of ZnO
grown by radiofrequency magnetron sputtering, increasing the pe
from 1.2 cm? V1 s to 50 cm? V1 st using Ta,0s as gate insulator
[33]. However, the carrier density can be difficult to control because
of the large number of oxygen vacancies typically observed in MOs.

Other MOs, also of great interest, are the so-called transparent
conductive oxides (TCOs). These materials are MOs that exhibit
wide-range optical transparency due to its high energy band gap,
while simultaneously presenting electrical conductivity. Oxides like
In203, SNO2 or ZnO have shown to be suitable as TCO, being
implemented in a lot of transparent devices. The introduction of
dopant ions can increase the optical band gap due to the Burstein-
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Figure 1.1. Energy band gap versus dielectric constant of different oxides and
nitrides.

Moss effect, in which the states close to the conduction band are
populated, thus obtaining a degenerated semiconductor and,
consequently, increasing the energy band gap. The electrical and
optical properties of TCOs depend on the electron concentration (N)
and W, shifting to shorter wavelength when N increases. However, in
solar cell application, in which TCOs are employed as transparent
electrode, a high carrier mobility with low N is preferable. Typically,
doping has been the employed technique to increase N, but recently,
epitaxy-grown SrVOs and CaVOsz films have presented high
conductivity and transparency, even at high values of N > 2.2x10%2
cm [34]. One of the most employed TCO is indium tin oxide (ITO),
which exhibit very low resistivity (about 10 Q sq.™) and an excellent
optical transparency due to its ~4.0 eV of energy band gap.

Metal oxides have also demonstrated to be excellent host matrices for
rare earth ions. Different studies have reported light emission from the
rare earth in metal oxide matrices like Al>O3 [35, 36] or ZnO [37-39],
presenting excellent optical properties compared to SiO2 one [40-42].
The differences in the band gap and their electrical properties have
made these MOs of great interest to optimize the efficiency of these
rare earths as luminescent centers. Moreover, some MOs are suitable
for random access memories, in which different resistive states of the
material can be selected. Both rare earth atoms and the resistive
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switching properties will be introduced in the following subsections
of this chapter.

Great efforts have been made to implement and understand MOs
within the optoelectronics industry, demonstrating good advances in
the past years. The integration of TCOs as transparent electrode in
photovoltaics and light emitters and the possibility to be employed as
host matrix for rare earth atoms has opened the possibility to develop
transparent devices for several applications. In addition, the fact that
the electrical and the optical properties of MOs can be tuned via the
incorporation of some dopants or using their resistive switching
properties, confirms the potential of these materials as the new
generation of devices.

1.2. Rare Earths

Rare earths (RES) atoms, which belong to the lanthanide and actinide
families, exhibit particular optical properties due to their intra f-shell
transitions [43]. The 4- or 5f N energy levels arise from different
atomic interactions as a result of solving the Schrddinger equation. In
the case of an individual RE atom, its Hamiltonian can be written as
an isolate ion with some perturbations expressed by

H(t) = Hy + Vrp—matter + Vem(t) + Vep_re (), (1.1)

where Ho is the Hamiltonian of an isolated ion, VRe-mater the
Hamiltonian attributed to the effect of the local environment on the
RE, Vem is the electromagnetic field influence and Vge-re the
interaction between neighboring RE ions. The two first terms are time
independent and result in the observed electronic structure of the RE
atom. The other terms are time dependent and give rise to transitions
between the states established by the static interactions. When these
atoms are in the trivalent state, well-resolved and efficient electronic
transitions can take place, presenting very low electron-phonon
coupling. This optical activation is suitable to absorb and emit photons
when ions are conformed in a pseudo-octahedral structure with Cav
symmetry into the host matrix [44]. Once electrons are promoted to
other energetic levels, the de-excitation occurs emitting photons,
whose energies are well defined and depend on the specimen. The
dynamics of this process is typically around some milliseconds, being

17



1. Introduction

%0000 e = = - —_
= = = — - = - Las0
= == — — = = = —'D 365
— S TR o ol — - s
= = = — %L, : _—
i - - ) - T D, = —
2000 + — - - = = 400
— — - D, —
= .
- o E — —q — =
— = =. — D, 3 —,, = T '
P, p— I —D —$F, ¥
20000 p— G ’ 500
—F D - “Tss
= -_— 1%
— C 5 =
S T D, — b L 600 5
- > — —_ <
£ s
S 15000 — = ot T%a ¥ 3
§ o - 700 2
— — ¥ =
H — ot
& —_ —F, — 9 3
— — s - ¢F, T4 H réo 2
—_— L
- G 0
10000 | =g F T H o it = . +1000
T ¢F T
- i) i T ™
I e Fl & Hy,
o ¥ — 8 ==t —y + 1500
[ ‘_‘ Ty =7, TTH Xy
5000 | or —, T, = — —_y - 2000
He: P, — T v, Tu, [
—y B F,
TR, TN NSt o B Fa s
i o, X
o —p 1'11, —_—s, =, =W, —%, —'%,, =7, L*u‘_: = ‘I, <4 - ok ) R N
Ce Pr Nd Pm sm Eu Gd ™ Dy Ho Er m Yo

Figure 1.2. Energy level diagram of trivalent RE ions with dominant visible
emission transitions observed in silicate glasses designated by arrows
representing the approximate color of the luminescence. Horizontal lines
extending across the diagram designate the location of common organic label
excitation sources labeled by the wavelength in nm. The 365-nm line was used
to excite the RE ions [122].

strongly dependent on the non-radiative processes induced by a local
environment [45].

The narrow and intense emission of these transitions has attracted the
attention of researchers to be employed as luminescent centers.
Depending on the selected RE, a wide range of wavelengths can be
obtained, being the 1.54-um line of Er*" ions one of the most
interesting ones for the possibility to work in the integrated
telecommunication windows [46]. Visible range has also been
benefited due to the possibility to cover all spectrum with different
colors; blue (Ce®* and Tm®*) [47-49], green (Tb*" and Er®") [48-52],
yellow (Dy®*) [49, 53], orange (Sm*®) [54] and red (Eu®*) [52, 54],
being their implementation in displays the most promising application
[55]. In the Figure 1.2, a representation of the energetic levels of
different REs is shown.
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Several fabrication processes, compatible with the CMOS technology,
have been used to develop RE-doped luminescent materials. In order
to obtain a homogeneous distribution of REs into the host matrix,
techniques like co-sputtering and co-evaporation have been
commonly employed, in which the host matrix and the RE are
simultaneously deposited from different targets at different deposition
rates [56]. Other solution consists in using a single target that has been
previously synthetized as a mixture of both RE and host matrix
material in the adequate relative composition [54, 57]. A similar
strategy uses the pulsed-laser deposition (PLD) technique, in which
targets are ablated by the energetic pulse of a laser. Chemical
deposition methods have also demonstrated to be an efficient, cheap
and low-temperature doping technique, in which this doping takes
place as a results of chemical reaction; sol-gel is the most common
one, where the RE atoms are typically introduced via dissolution of
corresponding inorganic salts [58, 59].

Sometimes, an annealing process is required for the optical activation
of the REs, achieving the correct conformation in the local
environment. In addition, the large size of this kind of atoms induces
some local defects, which influence directly on the conformation of
the RE ions. These defects can be also generated during the doping
process, especially if the introduction of the REs is aggressive, such
as in ion-implantation doping method [60]. In these cases, the thermal
treatment can reduce these defects by structural reordering.

One of the key points for obtaining optical emission from the RESs is
to avoid non-radiative processes. This effect occurs when an energy
transfer assisted by a phonon takes place between the RE atom and
either the host matrix or another RE atom. The dynamics of these
processes can be rapid and efficient if the electronic energy separation
is close enough. In the case of high concentration of RES, the Vrere
interaction of the equation (1.1) plays an important role. This
interaction can occur in different forms. The first one is related to the
cross-relaxation process. When the energy transfer occurs from an ion
at an excited state (donor) to another ion at a lower energy state
(acceptor), a phonon can be involved if there is an energy mismatch
between the energy gaps of both ions. Another possibility is the
energy transfer up-conversion, in which both ions are initially excited
and an energy transfer is carried out from the donor to the acceptor,
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thus promoting the acceptor ion to a higher energy state. The energy
transfer of this ion, when relaxed to the ground state, can be higher
than the obtained one from the donor ion. If the RE concentration is
high enough, clustering can occur [61, 62]. This effect is attributed to
the fact that RE ions need a coordination with non-bridging oxygens,
but the host matrix is not able to supply all of that, increasing the
enthalpy of the system. Consequently, RE ions tend to share these
non-bridging oxygens, reducing this enthalpy. Different strategies
have been explored to increase the solubility of REs ions into the host
matrix [63, 64]. The most interesting consists in the introduction of
metallic atoms inside the host matrix, such as Al [65, 66]. The
formation of RE-Al complexes provide valence compensation of the
RE ions for three substitutional Al ions. This effect can increase the
number of optically-active RE ions, enhancing the efficiency of the
luminescence.

In order to increase the excitation efficiency of REs, different
strategies have also been explored. Typically, RE excitation can be
obtained either via direct excitation using the same energy than the
intra f-shell transition in the RE (resonant condition) or via energy
transfer from excitons towards the material (non-resonant condition).
In this second case, different kind of donor centers can be employed,
being normally the own host matrix the main responsible of this
energy transfer [47, 67]. However, the introduction of other elements
such as other RE species has been used to induce alternative energy
transfer processes. In the case of Th and Eu co-doped ZnO thin films,
an energy transfer from Tb®" ions to Eu* ion has been observed [37],
in which the energy emitted by the °Ds — ’Fg radiative transition of
Tb®" is absorbed by Eu®* ions, thus inducing the "Fg — °Dx transition
of the latter.

Different Si-based matrices have been employed like SiO2 or SizN,
being the former the most employed one due to the low fabrication
cost and the large band gap energy (9 eV) that it exhibits [68].
However, SisN4 has become a promising candidate as RE host matrix
in optoelectronic devices for its excellent electrical properties. In spite
of presenting lower band gap energy (5 eV), charge injection is easier
than in SiOz, being more suitable to obtain electroluminescence from
REs with low energetic photons emission, like Er®* ions, which emits
in the near infrared (NIR) [42, 69]. In this way, other metal oxides
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have also been explored as RE host matrices like Al>O3 [70, 71], TiO2
[72, 73], even polymeric matrices, offering a low-cost alternative
inorganic waveguide amplifiers [74, 75]. In addition, this matrix has
also been used to host Ce** and Th®" ions, whose emission lies within
the visible range [76]. Strong emission from Tb** ions was also
observed in Th-doped Si-rich oxide under the presence of Si-NCs. In
samples annealed at low temperature, in which Si nanostructures have
not yet been formed, no emission from intra f-shell transitions of the
RE was observed. However, Th®" emission suddenly increases after
the Si-NCs formation, once the samples were annealed at high
temperature. Similar situation was observed in the case of Ce-doped
Si-rich oxide, observing an enhancement of the RE emission at high
temperature.

1.3. Silicon Nanocrystals

As it has been mentioned, silicon presents poor light emission
properties due to the indirect band gap that it presents. This fact
decreases substantially the band-to-band transition probability
because of the change in the wavevector because of lattice phonon
generation. The energy band gap of this transition corresponds to 1.12
eV, which is located in the NIR, avoiding the visible range (1.77 — 3.1
eV) and the third window of telecommunication (0.8 eV). These
optical properties have become the main drawback to use Si for
optical applications. However, when Si is nanostructured quantum
confinement takes place. Consequently, carrier confinement is
maximized in a small spatial region, which strongly reduces the
probability of non-radiative recombination and, therefore, it increases
the radiative recombination probability by delocalization of the
wavefunction in the momentum space, which in turn induces electron-
hole wavefunction overlap. In addition, a blue-shift emission towards
the visible range is achieved, which depends on the Si-NC size.

In a perfect crystal, the potential associated to a particle into this
structure can be described as a periodic function due to its

translational symmetry. Hence, the wavefunction represented in the
reciprocal space is called Bloch function and corresponds to:

Y(3) = e yu(3), (1.2)
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Figure 1.3. (left) Scheme of the band diagram showing the discrete and higher
energy levels within the quantum well with thickness t. (right) Representation
of the energy bands at different states n as a function of the quantum well
thickness.

being u(s) a function with the period of the lattice structure and k the
wavevector. In the case of an infinite lattice, the allowed energy states
E, of these particles can be obtained through the Schrddinger
equation:

HO%E) = [+ w@| %@ = %G, (13)

where H(S) operates as Hamiltionan, which describes the kinetic and
potential energies of the particle, with momentum p and mass m.
Solving the Eq. (1.3), the obtained energy can be expressed as:

hZ
2m*

En(k) = — (k2 + k2 + k2), (1.4)
being # the reduced Plank’s constant and m* the effective mass of the
carriers. However, when the crystal is nanostructured, and then it is
no more considered infinite, this translational symmetry is lost and the
boundary conditions must be taken into account. In the case that one
lateral dimension of the crystal is reduced to some tenths of the lattice
parameter (what is called a quantum well), the need to keep
continuous both the carrier wavefunction and its derivative at the
boundaries implies a discretization in the energetic states in the
confinement direction in the form of
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N 2 2.2
En(k) = - (- + K3 + K2), (1.5)
where n is the energetic level and t the size of the crystal in the
corresponding direction (x in this case). As a consequence, the energy
band of electrons and holes are shifted with respect to the minimum
of the CB and the maximum of the VB, respectively. This shift
increases the band gap energy and it depends on the thickness of the
quantum well (see Figure 1.3). This effect can be extended to the other
directions, having 1-dimentional quantum wires (X,y-confinement) or
0-dimentional quantum dots (x,y,z-confinement). Hence, the band gap
energy of a nanostructured crystal can be expressed as the band gap
energy of the bulk material with energy perturbations related to the
quantum confinement of the electron and hole energy bands, such as
it is expressed in:

Eg,conf = Eg,bulk + AEe,conf + AEh,conf : (1-6)

In the case of Si-NCs, which are quantum dots (QDs), many
researchers have experimentally determined that this band gap energy
can be expressed as:

Egop = Egpuk + ;;N, (1.7)
in which the variation of the band gap is governed by a power law of
the nanocrystals diameter [77—-79]. Such as it is expressed in the Eq.
(1.5), the theoretical value of n should be 2; however, lower values
have been reported [80]. These discrepancies can be related with the
presence of stress induced by the host matrix in which the
nanocrystals are embedded, modulating the band gap energy. Ab-
initio calculations have corroborated this hypothesis, obtaining good
agreement with experimental results [81-83].

Light emission in the visible range from Si-NCs was observed and
reported in 1988 by Furukwa and Miyasato [84], who also determined
the optical band gap energy modulation as a function of the Si-NC
size. Similar optical properties were observed by Canham in 1990,
who published photoluminescence in the visible range from
mesoporous Si [85]. In this case, the pore width played the role of Si
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quantum wire diameter, whose modification induced the shift of the
peak emission. These optical properties have opened the possibility to
introduce Si in optoelectronic applications, which have been since
long governed by I11-V semiconductor materials due to their better
optical properties.

These Si-NCs properties have also been employed in light emitting
devices using metal-insulator-semiconductor (MIS) structures, being
the Si-NCs embedded in the insulator layer. Dielectric materials like
SiO2 or SisN4 have demonstrated to be good host matrices for these
nanostructures; however, the high current requirement for the
luminescent centers excitation is a drawback for carrier injection,
consequently achieving power efficiencies lower than 1 % [86]. In this
case, the charge transport mechanism that governs the device can be
crucial in the excitation of Si-NCs. For example, defective matrices
like SisNs present a charge transport via defects [87], while tunnel
injection transport is typically reported on SiO2 [88]. These transport
mechanisms and the subsequent electroluminescence of the Si-NCs
have been largely investigated during the last years, being nowadays
still under discussion.

Different fabrication techniques have been employed for the Si-NC
synthesis, in which an extra Si content in an oxide is the key for its
formation. This non-stoichiometry is typically achieved either via Si
ion implantation on stoichiometric SiO; film or growing directly Si-
rich SiOx. The control of the Si-NC size and its crystalline degree lies
in this non-stoichiometry and the post annealing treatment [89, 90]. It
is in this post thermal process when the formation of these
nanostructures takes place, via Si precipitation in the form of
nanoaggregates. Annealing temperatures around 900 °C can promote
the formation of these nanostructures in amorphous state; however,
higher temperatures induce their crystallization. In the case of the
multilayered structure, in which SiO4/SiO> stacks are sequentially
deposited onto the substrate, SiO> layers act as Si diffusion barrier,
limiting the growth of the Si-NCs. Other materials were also
employed as diffusion barriers using this approach, such as SisNa4 [91,
92] and SiC [78, 93].
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1.4. Resistive Switching

The increasing necessity to store more information in integrated
circuits is being an important drawback in the microelectronics
industry. Different random access memories (RAMSs) have been
developed using physical properties like magnetic tunnel junctions in
magnetoresistive RAM (MRAM) or phase-change RAM (PRAM), in
which the resistance changes due to the switching between amorphous
and crystalline states. However, a new candidate called resistance
RAM (ReRAM) has emerged and is being largely studied for its
interesting electrical properties. In this kind of devices, the resistance
can be modified thanks to the formation of conductive paths in the
form of conductive nanofilaments (CNFs) across an insulating layer,
thus connecting the two sandwiching electrodes. The formation of
these CNFs takes place due to the electrical stress of the layer, which
induces a partial breakdown of the insulator. This first formation
(Electroforming) has to be accurate for an adequate operation of the
device. Sometimes, this process occurs abruptly and an external
current limitation is required to avoid permanent damage by setting a
current compliance (CC). The possibility to dissolve or interrupt these
CNFs allows these devices to switch between two resistance states,
high resistance state (HRS) and low resistance state (LRS), depending
on whether the CNFs are interrupted (Reset) or reconnected (Set),
respectively.

In 1962, Hickmott observed hysteretic I(V) curves in metal-insulator-
metal (MIM) made of Al/AlO3/Al, suggesting this kind of behavior
[94]. During the next years, other similar studies were also reported in
other metal oxides like SiO and NiO [95, 96]. In 1971, Chua published
an article theorizing this behavior [97], but it was in 2002 when the
Sharp Corporation and the University of Houston demonstrated a thin
film ReRAM based on CMOS technology using Pro7CapsMnO3[98],
and two years later, Samsung did it using transition metal oxides [99].
Since then, a lot studies using different materials have been presented
and the mechanism of resistive switching has been investigated both
experimentally [100, 101] and theoretically [102, 103].
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Unipolar Bipolar

Figure 1.4. The two resistive switching modes. In Unipolar switching, Set and
Reset occur at the same electrical polarity. However, in Bipolar, an opposite
electrical polarity between the Set and the Reset is required for the resistive
switching effect to take place. The ICC denotes the compliance current needed
to avoid permanent damage.

In terms of the 1(V) characteristics, two kind of behaviors have been
observed, unipolar and bipolar. In the first one, the resistive switching
does not depend on the polarity of the applied voltage, being only the
amplitude the critical parameter. In contrast, in bipolar resistive
switching, a specific voltage polarization is required to change
between resistance states. In the Figure 1.4, both modes are schemed,
in which the arrows represent the evolution of the voltage ramps along
the whole resistive switching cycle. Regarding the mechanism that
governs the resistive switching process, this phenomenon can be
classified depending on the mechanism of the conductive path
formation. One possibility is metal diffusion, in the form of filament,
from the electrode into the insulator, called electro-chemical
metallization (ECM). In this case, a metallic electrode is required and
it is typically observed in MIM devices. Hirose, in 1976, reported for
the first time this effect using Ag-photodoped amorphous As;S3 as
insulator [104]. In this case, the Reset was achieved by the dissolution
of this metal filament at the edge. This switching effect is observed in
materials that are cation conductors such as Ag in Ag2S or in GeSex
[104], Cu in Ta20s [105], or Zn and Cd in WO3 and SiO- [106, 107].
Another possibility consists in the valence change mechanism
(VCM), in which the conductive filament is formed due to the
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formation of defective paths into the material. This kind of behavior
is particularly observed in transition metal oxides, being oxygen
vacancies the responsible of these conductive paths for the migration
of the oxygen ions. When an opposite voltage is applied, oxygen ions
can be recovered by the vacancies, inducing the reoxidation of the
metal and, consequently, achieving the HRS. Resistive switching of
metal oxides like Ta,Os, Nb2Os or TiO. have been reported,
demonstrating this same behavior [108-110].

The most common employed materials in resistive switching
applications are metal oxides. Despite some of them are governed by
the ECM mechanism when metallic electrodes are used, the VCM is
typically the main mechanism in this kind of materials. The Figure 1.5
describes, step by step, a complete resistive switching cycle, where
both  LRS and HRS states and the different processes of
Electroforming, Set and Reset are represented. In this case, when a
positive voltage is applied on the electrode of a pristine device,
oxygen ions drift towards this electrode, leaving behind oxygen
vacancies. These defects form the CNFs, connecting both electrodes
and thus inducing the LRS. When a negative voltage is applied,
oxygen ions drift to the oxide layer, oxidizing part of the CNFs near
the electrode. Therefore, the CNFs are interrupted and the device
recovers its HRS because of the metal oxide gap between the electrode
and the rest of the CNFs. At this point, the LRS can be again achieved
applying a positive voltage that induces the reconnection of electrodes
via the generation of oxygen vacancies in the mentioned gap.
Sometimes, these oxygen ions can be accumulated at the interface
between the electrode and the metal oxide in the form of O, gas due
to the oxygen ion neutralization when contacted with a metallic
electrode. If this gas eruption is strong enough, the electrode can
suffer some mechanical deformations, typically resulting in a bubble-
like shape.

Since the realization of the first memristor, the resistive switching
effect has been extensively studied in the case of oxides, due to the
structural nature of such materials. In particular, several works have
been recently reported on different metal oxides, such as transition
metal oxides and refractory materials like TiO2, SnO2, HfO2, Ta20s,
and ZnO, some of them in combination with suitable metallic
electrodes, typically based on either Ni, Al, Cu, Ag or Ti [18, 21, 23].
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Figure 1.5. Sketch Sketch of a resistive switching device structure, showing the
different steps and states along a cycle. In Pristine state, the material does not
undergo any structural modification. In the Electroforming process, negative
oxygen ions drift towards the top electrode while generating oxygen vacancies.
The LRS is attained once the CNF is formed by the previously generated oxygen
vacancies. In the Reset process, negative voltage is applied on the top electrode,
inducing the diffusion of oxygen ions back to the insulator, which occupy the
oxygen vacancies. The HRS is achieved when the CNF is interrupted close to
the electrode. Finally, the Set process takes place after applying a positive
voltage on the electrode, promoting again the oxygen ion diffusion and
reconnecting again the CNF to the electrode.

Within the oxide materials group, ZnO, SnxO. and ITO (In-doped
SnxO2) require a particular mention, since they have proved to exhibit
both optical transparency and high conductance, being thus candidates
as TCOs. Another interesting system, compatible with the CMOS
technology, is Si-NCs/SiO2 or, more in general, Si-rich oxide [111].
The ability to tune the Si excess in a controlled way during the
material processing offers the possibility of attaining different
configurations for CNF formation, whose effect on the electrical
properties of the system can thus be analysed.

1.5. Objective of the Doctoral Thesis

As it has been already mentioned in this chapter, electronics industry
has been focusing its attention on the integration, within the same
chip, of electronic and photonic functionalities. Materials like TCOs
have demonstrated to have excellent properties when working as
transparent contacts. The implementation of this kind of electrodes
has been largely employed in light emitting and photovoltaics, being
their function optically passive. However, these materials can be
optically active under specific fabrication and working conditions,
presenting either band-to-band or defective emission. These
properties can be combined with other materials that present resistive
switching properties, which could modulate the current injection. In
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addition, they can also be doped with REs or including Si-NCs for
exhibiting luminescent properties. These impurities or luminescent
centers could play an important role in the electrical properties, event
influencing on the resistive switching mechanism. Hence, the
objective of this Doctoral Thesis is to study optoelectronic materials
to be employed in both light-emitting and resistive switching
applications, and to explore the possibility of combining both
functionalities. The possibility to achieve a ReRAM, compatible with
the CMOS technology, that can be read both electrically and optically,
could open a new generation of optoelectronic devices.

In order to achieve this goal, different objectives must be taking into
account. The first one is to obtain light emitting and resistive
switching layers, separately. Different materials will be explored and
characterized, paying special attention in their electro-optical and
resistive switching properties. Once both layers are obtained, their
combination will be explored and their mutual influence will be
studied in depth. In the case that the same layer could act as
luminescent and resistive switching layer, the modification of the
electro-optical properties induced by the formation of the conductive
paths will be analyzed, which can give valuable information about the
mechanism that governs this phenomenon. Therefore, the objective of
this thesis can be listed as follows:

e To find light emitting materials with different kind of
luminescent centers, compatible with the CMOS technology.

e To find resistive switching materials based on both metal
and/or dielectric oxides.

e To find suitable TCOs as transparent electrode, compatible
with the resistive switching mechanism.

e To combine all these elements in order to obtain a resistive
switching device that can be read electrically and optically.

Part of this work has been developed in different projects. As result of
the European Project NASCENT, size controlled Si-NCs have been
achieved, being their implementation in optoelectronics part of the
aim of this Thesis. The electro-optical properties of different metal
oxides, via rare earth doping, was studied in the national project
LEOMIS. This last project had associated a PhD scholarship,
Formacion de Personal Investigador (FPI), being it the main
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retribution of the author during this Thesis. Currently, the fabrication
and characterization of transparent conductive oxides is being carried
out in a new national project called METALONIC, in which resistive
switching materials are being studied as well.

1.6. Outline of the Thesis

This Doctoral Thesis is the result of different studies related to the
fabrication and the structural, optical, electrical and electro-optical
characterization of different materials compatible with the CMOS
technology. In order to achieve a good understanding of the work, the
Thesis consists of five chapters following the standard organization in
scientific reports. First of all, an introduction with the state-of-the-art
is given, where the different concepts and materials, in which this
Thesis is focused, are introduced. The next chapter consists in the
experimental details, being all the employed instrumentation for the
fabrication and characterization of materials and devices described in
detail. In that chapter, some physical and chemical principles, required
for a better understanding of the experiments, will be presented as
well. The chapters three and four present all the results, being some
of them published in international journals and presented in some
national and international conferences. These two chapters are divided
into Si- and ZnO-based materials, being each one subdivided into
Optical and Electro-Optical and Resistive Switching properties.
Finally, the summary and conclusions are written in the fifth chapter.
Therefore, the outline of the Thesis is described by:

e Chapter 1: Introduction. An overview of the optoelectronic
materials is given to understand the challenges that the current
semiconductor technology is facing. Brief reviews of the
different materials, in which this Thesis is focused, are
presented, such as metal oxides, rare earth ions and silicon
nanocrystals. Finally, the resistive switching phenomenon,
which has developed a revolution in the random access
memories, is also presented, being an important point in this
Thesis.

e Chapter 2: Deposition Methods and Sample Characterization.
This chapter is related to the experimental details. Sample
fabrication is described, exposing the different deposition
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techniques used in this Thesis. The techniques employed for
the sample characterization are also described, being divided
into structural and chemical, optical, and electrical and electro-
optical characterization techniques. In addition, some physical
and chemical fundamentals are discussed in order to better
understand the experiments and the interpretation of the
results, which are presented in the two following chapters.

Chapter 3: Si-based materials for optoelectronics and resistive
switching. This chapter is devoted to the study of Si-based
materials for their use as active layer in either optoelectronics
and/or resistive snitching applications. Thus, the results of
each material are divided into two subsections: Optical and
Electro-Optical  Properties, and Resistive  Switching
Properties. In this case, two materials are studied, silicon-
aluminum oxynitride and multi-layered Al-Th/SiO,. Some of
these results have been published in international journals, and
in this case, a brief summary is written, followed by the article.

Chapter 4: ZnO-based materials for optoelectronics and
resistive switching. Similar to the previous chapter, this
chapter is focused on the results obtained in ZnO-based
materials for being used in either optoelectronics and/or
resistive switching applications. The chapter is divided
depending on the role of the ZnO, either as active layer or as
TCO. Some of the results have been published in international
journals, and a brief summary is written, followed again by the
corresponding article.

Chapter 5: Summary and Conclusions. Finally, the most
relevant results are summarized and the achievements obtained
in this Thesis are presented. Considering the obtained results,
future works are also proposed, which can contribute to an
optimization of the devices, and even to explore new materials.
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2. Deposition Methods and
Sample Characterization

“We can easily forgive a child who is
afraid of the dark; the real tragedy of
life is when men are afraid of the light”

Plato

In this Thesis, different sample fabrication and characterization
techniques have been employed depending on the study. This section
is focused on the experimental details used along the work, and it is
divided into four main subsections. In the first one, sample fabrication
methods employed to manufacture the samples are described in detail,
being catalogued in physical and chemical deposition techniques. The
fabrication of the device structures are also explained, where
photolithography and shadow mask are the employed methods to
achieve the isolated top electrodes. The second subsection is related
to the structural and chemical characterization, which describes
different techniques to determine the structure and the chemical
composition of the samples. In the third subsection, the optical
characterization is presented, showing the main techniques employed
for the sample analysis. Finally, the last subsection is devoted to the
electrical and electro-optical characterization of devices, where
electrical characteristics and the spectrum analysis of the light-
emitting devices are presented.

2.1. Sample Fabrication Methods

Nowadays, several fabrication techniques are employed in the
microelectronic industry in order to satisfy the continuous scaling of
devices beyond the nanoscale. At this point, new fabrication
techniques must overcome drawbacks attributed to operation at this
level. In addition, they need to satisfy the strong demand from society
and the high accuracy required in these kind of devices. Despite
bottom-up strategies, in which nanostructures are synthesized by

33



2. Deposition Methods and Sample Characterization

atomic or molecular assembly, have become an excellent solution for
the fabrication of structures smaller than few tens of nanometers, the
lack of growth control and its random distribution are serious
disadvantages for some applications. In contrast, top-down methods,
being photolithography the most implemented technology, provide
better control, and they are achieving the same resolutions compared
to bottom-up techniques. However, their high economic cost is today
one of the main problems, which only mass fabrication can
compensate. In the next subsections, the specific fabrication
techniques employed in this Thesis are described, and they have been
separated into two categories, namely chemical and physical
deposition techniques.

2.1.1. Chemical Deposition Techniques

In chemical deposition techniques, a reaction between two or more
compounds is required, obtaining as a product the desired material.
Normally, gas reactions and solutions are the most common
processes. These techniques have been largely employed in the design
and manufacturing of advanced devices, being nowadays one of the
most suitable techniques in a wealth of applications. Chemical
deposition method can be separated into two groups, either via
solution or in a vacuum. In the first one, liquid phase as mass transfer
is used for the precipitation of the material, being sol-gel technique
the most known. In the second one, the deposition takes place under
vacuum conditions, typically using reactant gases as precursors.
Techniques like molecular-beam epitaxy (MBE) or liquid-phase
epitaxy (LPE) are used to deposit semiconductors, acting the
crystalline substrate as a seed. Other vapor-phase techniques are also
employed in the semiconductor industry, in which chemical reactions
take place like metal-organic chemical-vapor deposition (MOCVD),
low-pressure chemical-vapor deposition (LPCVD), or plasma-
enhanced chemical-vapor deposition (PECVD). The last one has been
used for the fabrication of the Si-NCs studied in this Thesis and will
be described in detail in the next subsection, together with atomic
layer deposition (ALD), employed to grow ZnO as top electrode.
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2.1.1.1. Plasma-Enhanced Chemical-Vapor Deposition

PECVD is a chemical technique largely employed for thin film
deposition. The chemical reaction involved in the process is attained
by the formation of a plasma between two electrodes, which induces
the reaction of the precursor gases. This plasma can be created by
either direct current (DC) or alternated current (AC). The first one is
suitable to deposit conductive materials due to their capacity to be
discharged. However, insulating materials cannot produce this
discharge, being preferable the application of an AC or radio-
frequency (RF) signal between the electrodes. Two different
configurations of these electrodes are used. One possibility is using a
single electrode, thus applying the voltage between it and the
conductive walls of the reactor chamber. The second one, is the so-
called parallel plate reactor, in which two cylindrical conductive
electrodes are employed to apply the voltage signal. In the case of
using AC signal, low- or high-frequency plasma can be excited. Using
low frequencies, around 100 kHz, several hundreds of voltage is
required to achieve a great discharge. However, working at high
frequencies, being 13.56 MHz the standard one, lower voltages are
enough to induce high plasma densities.

This technique permits relative fast deposition rates while keeping
good film quality (defects and roughness), in comparison to with other
fast deposition techniques. For example, the optics industry uses this
system to create different layers like optical filters, anti-reflective
films or materials with specific refractive index. Films of Cr203 or
MgO are also used to prevent corrosion in mechanical industry. In
electronics and microelectronics, insulator layers of SiO,, amorphous
or polycrystalline semiconductors like Si and GaAs, or conductive
materials such as Al, Au or Cr, are typically deposited as well, being
part of some electronic devices like solar cells.

This deposition technique was used for the fabrication of Si-NCs. In
this case, samples were deposited at the Institut fur
Mikrosystemtechnik (IMTEK, Albert-Ludwigs Universitat Freiburg,
Germany), as part of the collaboration with Prof. Margit Zacharias in
the NASCENnT EU project. The employed system was an Oxford
Instruments Plasmalab 100 with a 13.56 MHz driven parallel plate
reactor. Multilayered structures, alternating Si-rich oxides (SiOyx) and

35



2. Deposition Methods and Sample Characterization

Annealing

Figure 2.1. (left) Scheme of the multilayered structure of SiO,/SiO,, before the
annealing process. (right) After the annealing process, the precipitation of the
extra Si takes place in the form of Si-NCs.

SiO2 sublayers, were deposited onto p-type Si and fused silica
substrates. The deposition was made under ultra-high vacuum
condition and keeping the substrate temperature at 375 °C. A mixture
of silane (SiHs) and nitrous oxide (N2O) gases were used as
precursors, together with Ar as carrier gas. By controlling the ratio
between the precursor gases, both layers SiOx and SiO. can be
obtained. Indeed, the presence of nitrogen in the deposition induced a
silicon oxynitride (SiOxNy), being y = 0.23, almost constant in all
depositions. Once the multilayers (MLs) were deposited, a thermal
annealing process is required to induce the precipitation of the extra
Si, which can be expressed as:

5i0, = (1-3)si +35i0,, (2.1)

taking x values between 0.64 and 1.1. The annealing temperature (Ta)
and its duration are critical parameters to achieve a good
crystallization of the Si nanoparticles. A conventional quartz tube
furnace was employed to submit the samples at temperatures ranged
between 900 °C and 1250 °C for 1 h in presence of inert N> ambient.
This thermal study demonstrated that 1150 °C is the optimum T, for
the correct precipitation of Si excess in form of Si-NCs. Figure 2.1
represents the formation of the Si-NCs under the annealing process.
As mentioned in the Introduction 1.3 Silicon Nanocrystals, the growth
of these nanostructures are limited by the SiO. barriers. Keeping
constant x, larger Si-NCs are formed increasing the thickness of the
SRO layers. This way, the quantum confinement of Si-NCs was
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analyzed varying this parameter. Detailed fabrication process was
reported in ref. [112].

2.1.1.2. Atomic Layer Deposition

Atomic later deposition (ALD) is a thin film deposition technique in
which, similar to other chemical deposition methods, a chemical
reaction takes place by means of gas precursors. In contrast to
PECVD, in which the precursors were mixed in the chamber, in ALD
the precursors are sequentially introduced. Therefore, the reaction is
directly between the precursor and the surface of the sample,
finalizing the reaction when all the surface is reacted (ALD cycle).
The nature of the precursor-surface interaction governs the possibility
to grow thicker layers, varying the number of ALD cycles. Each layer
deposition can be divided into four steps. The first one is introducing
the reactant A, which interacts with the substrate depositing part of
the reactant on the whole area. The second step consists of purging
the chamber, removing reactant A. At this point, reactant B can be
introduced as third step, in which this precursor reacts with the
deposited layer, thus obtaining the desired compound in the form of
monolayer. Finally, in the fourth step, a new purge is applied to
prepare the chamber for the next cycle.

In this Thesis, ALD technique has been used to deposit ZnO layers
using a commercial OpAL Oxford Instruments system, located in the
Institut flr Mikrosystemtechnik (IMTEK, Albert-Ludwigs Universitat
Freiburg, Germany). These ZnO layers were employed as TCO for the
electro-optical characterization of the samples containing PECVD-
deposited Si-NCs, as mentioned before. In this case, the ZnO layer
was achieved by means of dimethylzinc [Zn(CH3)2] and H2O
precursors. The sequential introduction of both gases induces the
growth of controlled ZnO monolayers. The schematics corresponding
to one ALD cycle of this reaction is represented in the Figure 2.2,
being the involved chemical reaction defined by:

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

were analyzed, being the highest temperature the optimum one due to
the lower resistivity that the resulting sample presents. This is an

37



2. Deposition Methods and Sample Characterization
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Figure 2.2. Scheme of the different reactions involved in the ZnO deposition by
ALD. (left) Molecules of H,O are added on the surface by leaving an OH" layer.
(middle) The Zn(CHs;), molecules react with these OH- molecules obtaining a
monolayer of ZnO and producing volatile CHa. (right) The first process is
repeated again in a new ALD cycle to deposit a new ZnO monolayer.

important parameter to employ these layers as TCO, exhibiting
enough conductivity to inject carriers to the active layers. In this case,
a further annealing process was not required, because the
crystallization of the layer is achieved during the growth, and it
already presents high quality and homogeneity.

2.1.2. Physical Deposition Techniques

In contrast to the chemical techniques, physical techniques are
employed using directly the desired material, which is submitted to
physical processes such as cutting, molding, melting or evaporation,
in order to obtain the final result. In the case of deposited layers, the
film is obtained by means of the condensation of the vapor phase of
the material, which has been previously evaporated via solid-liquid-
vapor process or directly sublimated. Physical vapor deposition
(PVD) techniques have been used in the chemical, electrical and
optical industry, being the thin film solar panels one of the most
employed applications [113]. Evaporation and sputtering techniques
are common PVD process, being the first one divided into different
methods depending on how the heating is carried out. Some samples
presented in this Thesis have been fabricated by PVD techniques like
sputtering, pulsed laser deposition or electrical beam evaporation.
These techniques are presented in the following subsections, where
the description of the fabricated samples will be given.
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2.1.2.1. Sputtering

In the sputtering technique, the material is deposited onto a substrate
by means of the ejection from a target, which is bombarded by
energetic particles, normally gas ions. This process takes place when
the energy of these particles is larger than the binding energy of the
surface of the material. Similar to other deposition techniques,
sputtering can work either using DC or AC voltage, being RF the most
commonly used mode in the latter case. The energy field between the
cathode (target) and the anode (substrate) induces to the creation of a
plasma. When the gas atoms of the plasma have lost electrons, these
ions accelerate towards the target, striking with enough energy to eject
atoms or molecules from the target to the substrate. In order to avoid
any undesired reaction induced by the plasma, Ar is typically
employed, as noble gas with inert properties, thus not interacting with
the target. The Figure 2.3 shows a scheme of the typical sputtering
system with a detailed sketch of the involved process.

In this case, two different materials were deposited using sputtering
systems, SIAION doped with Ce, and ZnO doped with Tb and/or Eu,
both depostions carrie out at the Center of Research on lon Materials
and Photonics (CIMAP) at the University of Caen Normandy
(UNICAEN), as a collaboration with Dr. Xavier Portier and Dr.
Christophe Labbé. Depending on the material, two different
sputtering systems were employed, an AJA International for SIAION
samples and a MECA 2000 for the ZnO ones.

On one hand, the Ce-doped SiAION samples were grown onto p-type
Si substrates at room temperature. A variable N flux, together with
the sputtering of CeO3, Al and Si targets, were used under an Ar flow
set at 8 sccm. Fixed power density of 4.5 W cm was employed for
the Si target, whereas CeO> and Al targets were sputtered varying the
power density from 0 to 2.1 W cm™ and from 0 to 0.75 W cm?,
respectively. Finally, all samples were annealed at 900 °C using a
classic thermal annealing furnace for 1 h under N> atmosphere. For
the electro-optical characterization, device structure was fabricated in
Barcelona, depositing 1TO on top of the sample as TCO by means of
EBE, using a shadow mask and Al in the rear side of the substrate (see
2.1.2.3. Electron Beam Evaporation).
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Figure 2.3. (a) Scheme of the sputtering system, where a plasma of Ar* is
induced by RF voltage, sputtering the materials from the target to the substrate.
(b) Sketch of the sputtering process, where the interaction of the Ar* ions with
the target is shown.

On the other hand, Th- and Eu-doped ZnO samples were obtained
using Th4O7 and Eu20s targets as dopants, and a ZnO target for the
host matrix. Different samples were grown, undoped ZnO, Th-doped
Zn0O, Eu-doped ZnO and Th:Eu-codoped ZnO, all of them deposited
onto p-type Si substrates as well. The growth of the ZnO layers
required higher substrate temperatures than SiAION, setting at 400 °C
for a correct deposition. After the deposition, samples were annealed
at 450 °C for 1 h, following the same process than the one mentioned
before. In this case, device structure was obtained depositing ITO as
top transparent electrode by means of photolithography (see
subsection 2.1.2.4 Photolithography Process). This process was
carried out at Centre Nacional de Microelectronica (CNM), which is
a research institution of the Consejo Superior de Investigaciones
Cientificas (CSIC). Finally, the back contact consisted in a full-area
Al film.

2.1.2.2. Pulsed-Laser Deposition

In pulsed-laser deposition (PLD), a specific target is ablated by means
of a high-power pulsed laser beam in a vacuum chamber, which can
contain a low pressure of reactive gas like oxygen in order to induce
partial or full oxidation of the deposited material. When the target
absorbs the laser pulse, complex physical processes occur. Depending
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Figure 2.4. Scheme of the PLD system, where a plasma plume is generated from
the target to the substrate, exciting the target with a 193-nm line of an excimer
laser. Ar*ions are induced by RF voltage, sputtering the materials from the target
to the substrate.

on the wavelength of the laser, and the refractive index and absorption
coefficient of the target, the penetration of the laser can be different,
being typically around 10 nm. Initially, when the laser pulse reaches
the surface of the target, electron excitation of the material takes place
and the corresponding free electrons interact with the material, heating
it up until evaporation. Consequently, the target forms a plasma plume
due to the Coulomb repulsion. The shape and distribution of this
plasma plume depends on the target material and the chamber
pressure. The ablated material is deposited onto the substrate, being
parameters like the energy density of the laser pulse, the substrate
temperature and the base pressure of the chamber critical for the
correct growth of the film. In the Figure 2.4, a scheme of the PLD
system is shown, in which the ablation of the target is represented.

PLD was employed to grow thin films of SIAION onto p-type Si
substrate as well. The samples were grown by the Laser Processing
Group at the Instituto de Optica (CSIC) in Madrid under the
supervision of the Dr. Rosalia Serna. The target ablation was achieved
using the 193-nm line of an ArF excimer UV laser with a pulse
duration of 20 ns. The energy density of each pulse was set at 4.10 J
cm?, kept constant during all deposition process. In contrast to the
deposition using sputtering, the employed targets consisted of
SIAION and Eu. The deposition process was achieved by means of
360 pulses on the SIAION target, corresponding to a thickness of 2.5
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nm, followed by 10 pulses on the Eu target. This sequence was
repeated 60 times, depositing an extra SIAION layer to protect the Eu
from the last step. After deposition, an annealing process was carried
out at temperatures between 300 and 800 °C for 1 h in air. Finally, the
device structure was completed by depositing either Al or ITO circular
dots as top contacts using a shadow mask by means of EBE, and full-
area Al layer in the rear side of the Si wafer.

2.1.2.3. Electron-Beam Evaporation

Electron beam evaporation (EBE) technique is a physical deposition
method that consists in evaporating a target by heating it via a high
energetic electron beam. Typically, the electron source is a tungsten
filament, which emits electrons when an electrical current is injected
through it. These electrons are accelerated by a high voltage source
and the electron beam is focused on the target using electro-magnets.
As a consequence, the target increases its temperature until achieving
the vapor phase, via solid-liquid-gas or sublimation processes,
depending on the material. The whole process takes place in a vacuum
chamber, with pressures between 10* mbar and 107 mbar. The
evaporated material is deposited onto a substrate, which is located
upside down at the top of the chamber. In order to have the control of
the deposited layer thickness, a quartz crystal is typically employed,
indicating the deposition rate and the total thickness of the material
being simultaneously deposited onto the crystal at real time. To obtain
better homogeneity of the deposited layers, the holder of the substrate
can rotate during the deposition, avoiding differences as a function of
the rotation angle. However, a decrease of thickness in the edges of
the substrate with respect to the center can be observed due to the
difference of the target-substrate distance and the angle. This effect
also depends on the evaporated material, presenting different
homogeneity levels. Sometimes, the substrate can be heated to
increase the mobility of atoms or molecules when deposited onto the
substrate, which avoids clustering and increases homogeneity. As
well, the temperature of the substrate can play an important role on
the deposition if the chamber is filled with a low pressure of reactive
gas, such as oxygen, inducing an oxidation of the layer. In these
conditions, the real thickness deposited onto the substrate can differ
to the quartz crystal one because of the different material deposited on
both surfaces. Whereas the quartz crystal is cooled down with a water
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circuit, the substrate temperature together with the reactive gas on the
chamber can induce a chemical reaction, depositing a different
material than the one the sensor detects.

The materials deposited by EBE presented in this Thesis have been
obtained using a PFEIFFER VACUUM Classic 500 instrument with
a Ferrotec GENIUS e-beam controller and a Ferrotec CAARRERA
high-voltage (up to 10 kV) power supply. This system is located in
the clean room of the Faculty of Physics at the University of
Barcelona. The system was upgraded with a low pressure gas (Oz, N2
or Ag) line, which permits different chemical reactions when the
evaporated material is deposited on the substrate. Figure 2.5 shows a
sketch of this system and the process of the evaporation.

This system was used to grow different materials presented in this
Thesis. On one hand, the delta-doping approach was employed to
introduce Tb atoms in a SiO2 matrix. Delta-doping approach consists
in depositing very thin films (around 1 nm or less) of the dopant
material between two layers of the material that acts as host matrix.
By repeating this stack many times a multilayered structure can be
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achieved, being the result similar to a doped bulk. In this way,
multilayered structure of Th/SiO2, was fabricated onto p-type Si
substrate using metallic target of Tb for the delta-doping layers and
SiO> target for the host matrix. Aluminum was introduced growing
different combinations of the layers by the delta-doping approach as
well. The deposition rate of both Al and Th dopants corresponded to
0.2 A s, while for SiO2 it was 1.0 A s, The whole deposition process
was carried out keeping the substrate temperature constant at 100 °C.
After deposition, samples were annealed at temperatures ranging from
700 to 1100 °C for 1 h in N2 atmosphere.

On the other hand, the EBE system was used to deposit electrodes for
the device structures. Two kinds of electrodes were deposited; Al as
metallic electrodes, and 1TO as TCO. The first one was employed in
the rear side of the devices and as top electrode of some of them. In
contrast, ITO layers were deposited on top of devices in which the
electro-optical properties had to be explored. The deposition of Al was
carried out at room temperature in order to avoid the oxidation of the
layer, being the deposition rate around 3 A s. However, ITO layers
were grown at 1.0 A s, heating the substrate at 100 °C and under a 2
sccm line of Oo. In this case, ITO required an annealing process to
induce the crystallization of the layer and to consequently become
optically transparent. In order to separate different devices, the top
contacts were deposited using a chromium shadow mask with circular
dots.

2.1.3. Photolithography process

In order to carry out both electrical and electro-optical
characterization of some materials, device structure was required,
which was achieved by depositing electrodes. As mentioned in some
deposition techniques just before, top electrodes have been obtained
either using a shadow mask or by photolithography. In the case of
using photolithography, two kinds of processes were employed,
depending on the deposited material, either ITO or ZnO.

In the case of the ZnO top electrode as TCO, the photolithography
was processed in the Institut fir Mikrosystemtechnik (IMTEK, Albert-
Ludwigs Universitat Freiburg, Germany). Once the active layer was
deposited and annealed, if required, 100-nm thick full-area layer of
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Figure 2.6. (a) Sequence of the photolithography process carried out for the ZnO
top electrode as TCO. (a) Deposition of the ZnO onto the active layer. (b) Resist
application using spin coating and soft baking. (c) UV exposure using a mask,
followed by a hard baking. (d) Development of the exposed resist with AZ 726
MIF. (e) Rinsing of the non-protected ZnO using HCI (5%) dissolution. (f)
Rinsing of the rest of the resist using acetone.

ZnO via ALD at 100 °C was deposited. The lithography process of
this TCO begins by depositing the resist (AZ 1518, positive resist) and
homogeneously spreading it by spin-coating, thus obtaining a
thickness around 2 um. A soft baking during 50 s at 100 °C and an
UV exposure for 3 s with the mask were applied. After that, a hard
baking at 115 °C for 50 s was carried out. To develop the resist from
non-contact areas, AZ 726 MIF developer was applied during 2 min,
followed by water rinsing. Using an HCI (5 %) dissolution for 5-7 s,
ZnO on the previously developed samples was eliminated, only
remaining the non-developed contacts. A new water rinsing was
applied again. To get rid of remaining resist on the contact areas,
acetone was applied for 1-2 s, followed by a new water rinsing.
Isopropanol and water was employed to remove the remaining
acetone on the sample surface. After this process, ZnO top electrode
was achieved, with circular dots correctly isolated between them. In
the Fig. 2.6 there is a sketch of the different steps of the whole
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photolithography, from the full area ZnO layer to the definition device
structure.

The other lithography process corresponds to the ITO top electrodes,
which were deposited at the Institute of Microelectronics of Barcelona
(IMB) of the Centre Nacional de Microelectronica (CNM), CSIC. In
this case, SiO, windows were opened before the deposition of the
active layer, depositing 400 nm of SiO; at 1100 °C (wet oxidation).
Using standard photolithography the windows of the field oxide were
defined employing the CNMO004 mask. The field oxide etching was
obtained with a resist mask and the resist stripping was carried out via
O plasma. After general cleaning, the wafers were ready for the
corresponding active layer deposition. Once the active layer was
deposited, ITO was grown at 300 °C with a subsequent annealing at
200 °C in air. Standard photolithography was carried out using a
similar mask than employed before, defining the region where the
electrodes will be placed. By means of reactive-ion etching (RIE) the
electrodes were well defined, followed by the stripping of the resist.

2.2. Structural and Chemical
Characterization

In order to determine the morphology of the deposited layers and their
composition, structural and chemical characterization of the samples
are required. These processes permit to obtain real thicknesses,
roughness, homogeneity, porosity, crystalline quality or stoichiometry
of the layers. In this Thesis, two techniques have been employed for
the structural and chemical characterization. The first one consists of
using different electron microscopy techniques, which allow for both
structural and chemical characterization. The second one is the X-ray
photoelectron  spectroscopy, complementing the chemical
composition information of the layers. These techniques are briefly
described in the following subsections.

2.2.1. Electron Microscopy Techniques
The strong limitation of spatial resolution that optical microscopy

presents is an important drawback to observe structures at the
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nanoscale range. This limitation is directly related to the wavelength
of the employed light and it is expressed by:

d=—2_~-2 (2.3)

T 2nsin®  2-NA'

where d is the spatial resolution, A is the wavelength of the employed
light, n the diffraction index of the material, &is the collection angle
and NA the numerical aperture of the system. As it is well known,
electrons have associated a wavelength that depends on their energy
following the expression:

Ao = —F—, (2.4)

= T
2 Eol1
Mo e( +2m052)

being h the Planck’s constant, mo the electron mass in rest, Ee the
energy of the electron and ¢ the speed of light in vacuum. Using highly
energetic electrons instead of light opens the possibility to reduce the
associated incident wavelength, increasing substantially the resolution
of the microscope. Working with electron energies between 80 and
300 keV, wavelengths of some pm can be obtained; however, this
resolution normally is not achieved due to technical limitations like
chromatic or spherical aberrations, being the latter the most critical
drawback.

Two different electron microscopy techniques have been employed in
this Thesis, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The first one was used to determine the
surface morphology of some samples and the chemical composition
as well, via energy dispersive spectroscopy (EDS). In this case, the X-
ray emission from the sample, induced by the electron-matter
interaction, gives rise to a specific spectrum ascribed to a unique
atomic species of each sample. On the other hand, TEM
measurements permitted high-resolution TEM (HRTEM) images,
being visible nanometric structures like quantum dots or superlattices.
The possibility to work in diffraction mode was useful to determine
crystalline structures from the diffraction patterns. In addition, the
system permits to obtain high angular annular dark field (HAADF)
images in scanning mode (STEM), showing bright contrast that
depends directly on the atomic number of the atomic specimen.
Chemical characterization was also carried out using TEM techniques
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like electron-energy loss spectroscopy (EELS) or energy-filtered
TEM (EFTEM). When the incident electrons interact with the sample,
some transmitted electrons have lost kinetic energy, which depends
on the atomic species of the sample. Therefore, complete core-loss
EELS spectrum image can be determined, bearing compositional
information of each pixel of the TEM image. Filtering the electrons
with particular kinetic energies allows determining the location of
specific atomic specimens, being able to obtain composition maps.

In order to achieve electron transparency on the samples, an accurate
sample preparation must be carried out. In homogeneous samples,
conventional mechanical polishing method is enough because the
cross-section is the same along the whole sample. However, focus-ion
beam (FIB) coupled to a SEM is required to obtain the cross-section
of a specific location. In this case, the sample can be cut focusing a
highly energetic Ar" beam, selecting the corresponding region of
interest.

Different systems related to electron microscopy techniques have
been employed in this Thesis. On one hand, the SEM employed for
the structural and chemical characterization of samples was a Jeol
JSM-7100F, operating at 20 kV, with a high-resolution spectrometer
Gatan-MonoCL4. This system permits EDS measurements, detecting
the X-ray emission from the samples. On the other hand, a Jeol 2010F
TEM, operating at 200 kV and coupled to a GIF Gatan filter with 0.8
eV energy resolution was employed to obtain HRTEM and HAADF
images, and EELS spectrum images. Finally, in some case, sample
preparation using a Zeiss 1560XB Cross Beam FIB was carried out,
reducing the thickness of a specific region down to about 50 nm for
the electron transparency.

2.2.2. X-Ray Photoelectron Spectroscopy

Chemical characterization can be also carried out using X-ray
photoelectron spectroscopy (XPS). This technique permits to
determine the quantitative atomic composition and the chemical state
of the material. Irradiating monochromatic X-rays onto the sample,
depth levels of the atomic structure are excited, inducing the emission
of photoelectrons. The number and the kinetic energy of these emitted
electrons can be analyzed, providing information about the chemical
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composition of the samples. The kinetic energy (KE) of the emitted
electrons can be given by:

KE = hv — BE — @, (2.5)

being /v the energy of the incident photon, BE the binding energy of
the atomic orbital and @sp the spectrometer work function. Although
it is a surface technique, the possibility to dig the sample using an ion
beam, typically using Ar* ions, allows the determination of the
chemical composition along the whole sample cross-section.
Depending on the material, the rate of the depth profile can be
different, being also dependent on other factors like the ion energy,
the incident angle and the nature of the employed ions. Regarding the
spatial resolution, while lateral resolution is about some pum, average
signal of some nm can be detected in depth direction. Once the signal
data is corrected by a known reference, different oxidation states of
the materials can be determined by the corresponding peak position
shifts. Small variations on the binding energy between atoms can be
observed in different oxidation states. The quantitative analysis can
be determined from the peaks area of each atom, obtaining the
stoichiometry of the samples.

The XPS analysis of some samples presented in this Thesis was
performed by means of a PHI 5500 Multitechnique System, provided
with a monochromatic X-ray source that uses the Al Ka line of 1486.6
eV with a power of 350 W. This system is located in the Serveis
Cientifico-Tecnics (CCiT) of the Universitat de Barcelona.

2.3. Optical Characterization

The fact that electromagnetic radiation interacts with matter has
permitted to determine some properties directly related to material
structures like atomic energy levels or energy bands. This light-matter
interaction is strongly dependent on the wavelength of the incident
light, which can be reflected, transmitted or absorbed. Analyzing the
reflectance and transmittance spectra, the absorption one can be
determined, which is the responsible for the matter excitation. In this
section, the main optical characterization techniques employed in this
Thesis are presented, being the photoluminescence the most explored
one.
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2.3.1. Photoluminescence Spectroscopy

As it is well known, some materials present luminescence resulting
from other sources rather than heat. This effect can be induced by
chemical or physical processes, exciting the material. The relaxation
of the exited centers produce emission of photons, whose energies are
characteristic of the specific luminescent centers. In the case that this
excitation is via photon irradiation, the consequent luminescence is
called photoluminescence (PL).

Depending on the luminescent center, different processes can take
place. One of them is the called band-to-band transition, observed in
semiconductors. In this case, the excitation can promote an electron
to the conduction band (CB), leaving a hole in the valence band (VB).
Typically, the electron relaxes toward the minimum of the CB and the
hole to the maximum of the VB, via non-radiative processes. At this
point, the radiative recombination of the electron-hole can take place,
emitting a photon with the energy of the band gap. In the case of
indirect band gap materials, the additional generation of a lattice
phonon is required, being its momentum equal to the difference
between electron and hole ones. As mentioned in the section 1.3
Silicon Nanocrystals, the nanostructuring of Si, which presents an
indirect band gap around 1.12 eV, displays a blue-shift emission due
to the delocalization of the wavefunctions in the momentum space via
quantum confinement.

In the case of ZnO, in which this Thesis is also focused, it exhibits a
band gap energy around 3.3 eV, which is located in the near UV range.
In contrast to Si, ZnO shows a direct band gap, being the radiative
recombination more efficient. Some materials present defect-related
emission attributed to the recombination of electron-holes between
intra-band energy levels formed by the presence of impurities or
defects. Typically, ZnO is one of these materials, obtaining PL
spectrum with a broad band in the visible range. In the Figure 2.8, the
calculated energy levels of some of these defects are presented as well.
Oxygen vacancies are one of the most common defects in metal
oxides. This lack of oxygen makes the oxygen vacancies to easily bind
electrons, thus forming excitons with energies close to the minimum
of the conduction band and thus promoting the PL intra-band
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Figure 2.7. Comparison between radiative recombination taking place in in c-
Si and Si-NC. The delocalization of the wavefunction in Si-NCs permits an
almost-direct band gap photon emission.

excitation. This kind of defect-emission can be also visible in
defective SiO2, presenting similar broad emission than ZnO.

Other kind of luminescent centers are rare earth ions in the trivalent
state. In this case, the incident photons promote electrons of the atoms
to higher electronic levels, typically the °D ones. The relaxation of
these electrons to lower energy levels like 2H, ®H, 'F or 3F emits
photons with specific energies, consequently obtaining a
characteristic PL spectrum with narrow peaks that depends on the RE
ion.

Two different excitation mechanisms can be carried out, via either
non-resonant or resonant absorption. In the first case, the sample is
excited using an energy higher than the band gap, being necessary a
thermalization via non-radiative processes (see Figure 2.7). In the case
that luminescent centers are embedded within a host matrix like Si-
NCs or REs, their excitation can be carried out via energy transfer
from the host matrix, which previously has absorbed the incident
photons. In contrast, resonant excitation mechanism takes place when
the energy of incident photons is very close to the band gap,
contributing to a spontaneous emission by coherent processes. This
mechanism can be interesting in the case of RE emission because the
resonant excitation of a high-energy transition can induce more
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Figure 2.8. Energy band diagram that represents the excitation (Eex) and the PL
emission of band-to-band (Egp.) and defects (Eqerpr) Of the ZnO. Calculated
energy levels of different defects from literature are also represented, where Vzy,
Vz~ and Vz> correspond to the neutral, single- and doubly-charged zinc
vacancies. Zn® and Zni are the neutral octahedral and tetrahedral zinc
interstitials, while Zni* and Zn?* indicate singly- and doubly-charged zinc
interstitials, respectively. Vo° and Vo correspond to oxygen vacancies, while
Vo* and Vo?* are single- and double-charged oxygen vacancies. O; represents
oxygen interstitials and VoZn; corresponds to a complex of oxygen vacancy and
zinc interstitial. Image adapted from ref. [123].

efficiently the relaxation to lower-energy levels of the RE, obtaining
the emission of their relaxation.

The photoluminescence experiments were carried out at the
Photoluminescence Laboratory of the Department of Electronics and
Biomedical Engineering of the Universitat de Barcelona. The samples
were excited using either the 325-nm line of a He-Cd laser or the 488-
nm line of an Ar* laser. The laser beam was filtered with a high-pass
filter, to eliminate harmonic modes or parasite photons, and focused
onto the sample through an optical path in backscattering
configuration. The PL emission was filtered using a low-pass filter in
order to avoid the laser signal detection. The signal was collected by
a monochromator to be finally detected by a Hamamatsu R928 GaAs
photomultiplier tube (PMT) connected to a standard lock-in amplifier.
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2.3.2. Time-Resolved Photoluminescence

The dynamics of the luminescent centers can be studied analyzing the
decay time (z) of specific wavelength by means of pulsed incident
light, using either pulsed laser or chopping a continuous-wave one.
This study can contribute to obtain information about the origin of the
luminescent centers, having a wide range of decay times depending
on the nature of the samples. When the sample excitation is
interrupted, PL intensity decreases following an exponential decay
function. The general expression of the evolution of this emission can
be given by:

Ip (t) = Ippo + exp [_ (E)B] , (2.6)

being IpLo the pre-exponential factor corresponding to the PL
emission at the initial decay process, z the decay time and £ is the
stretched factor. In the case of = 1, the expression corresponds to a
single-exponential decay, having all the luminescent centers the same
7. However, 8 < 1 is obtained when a distribution of decay times is
present in the emission. This effect could indicate either the
contribution of different luminescent centers or the fact that these
luminescent centers are under different conditions. This case is easily
observed in Si-NCs, which usually exhibit different decay times
depending on their size. The presence of size distribution contributes
to a reduction of the g parameter, typically between 0.5 and 0.9.

The lifetime of the PL emission is also strongly sensitive to non-
radiative processes, which typically present very fast recombination.
The measured decay time can be expressed as combination of the
decay times of radiative and non-radiative processes by:

— =ty ——, 2.7)

Tmeas Trad Tnon-rad

where tmeas IS the resulting measured decay time, while zrag and znon-rad
are the decay times corresponding to the radiative and non-radiative
processes, respectively. Hence, the presence of fast non-radiative
processes decreases the lifetime of the measured PL emission.
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Figure 2.9. Examples of stretched exponentials with different stretched factor
B. In the case of B = 1, the function becomes a single exponential.

Two different employed systems were used to study the dynamics of
the PL emission. The first one corresponds to using the continuous
325-nm line of a He-Cd laser, being mechanically square-chopped.
The second one corresponds to using the third harmonic frequency of
a Brilliant Nd**:YAG 5-nm-pulsed laser (355 nm). In both cases, the
signal was acquired using a PMT coupled to a monochromator, being
the PL decay monitored with an Agilent Infinilum DSO 8064A
oscilloscope.

2.4. Electrical Characterization

The electrical properties of some materials are of great interest and
largely employed in the electronic industry. In order to achieve the
corresponding charge injection, device structure is required by means
of electrodes, being structures like metal-insulator-metal (MIM) or
metal-insulator-semiconductor (MIS) the most employed. From the
I(V) characteristics, electrical transport mechanisms, that govern the
electrical conduction, can be determined. In addition, the resistive
switching behavior, that some devices present, is obtained in this
electrical characterization, stressing the active layer using a voltage
supply. All of these analyses contribute to a better understanding of
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the electrical properties. The experimental details for the electrical
characterization are presented, followed by some theoretical models.

2.4.1. Charge Transport Mechanisms

The charge transport through dielectrics has been largely studied in
order to understand how do issues like charge trapping or leakage
currents affect at different regimes of the applied electric field. Thanks
to this study, novel materials have been proposed to have more control
on the electrical properties, which depends on the nature of the
material. Whereas some charge transport mechanisms depend on the
temperature, others are governed by quantum effects like tunneling
through the potential barriers. The conductivity of the material
depends on several parameters like the layer thickness, the carrier
density, their mobility or their effective mass into the material. In the
case of semiconductors, like metal oxides, two opposite situations of
interest can occur, which are dependent on their doping level: an
intrinsic material with an electrical behavior typical from a dielectric,
or a degenerate material with an electrical behavior close to metals.

Device structure and voltage polarization can also influence on the
conduction. If devices present flat-band voltage due to a hetero-
junction, the charge transport depends on the regime in which it
works. The Figure 2.10 represents the three working regimes of a
MOS-structured device with p-type semiconductor. When negative
voltage is applied on the top electrode (M), accumulation regime takes
place, being the majority carriers of the substrate (holes) attracted
towards the top electrode at the same time that the electrons are
injected from the top electrode into the substrate. Applying positive
voltage larger than the flat-band voltage, a depletion of the
semiconductor band starts, presenting an accumulation of negative
charge in the oxide-semiconductor interface. Finally, further
increasing this voltage, minority carriers of the substrate (electrons)
can flow through the oxide, which is known as inversion regime.
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Figure 2.10. Energy band diagram corresponding to accumulation, depletion
and inversion regimes band diagram corresponding to accumulation, depletion
and inversion regimes.

The employed system for the electrical characterization consisted of a
Cascade Microtech Summit 11000 probe station equipped with
Faraday cage and a vacuum chuck with a thermal controller up to 300
°C. This system was connected to an Agilent B1500 semiconductor
device analyzer, having a current resolution of some tens of fA.

2.4.1.1. Bulk-Limited Mechanisms

When the dielectric cannot evacuate all the injected charge from the
electrode, the charge transport mechanism is considered bulk-limited.
In this case, the intrinsic characteristics of the material like electron
mobility, trap defect density or the dielectric constant are parameters
that strongly affect the charge transport. Normally, at low voltages,
the device presents ohmic behavior, having a linear dependence of the
I(V) characteristics. However, non-linear dependence is observed for
higher voltages, being the corresponding charge transport mechanism
dominant in the conduction. Here, three different bulk-limited
mechanisms are presented, being some of them the main mechanism
observed in the devices studied in this Thesis.

e Poole-Frankel mechanism (PF)

Some defective materials present intra-band levels between the
conduction and valence bands. These levels act as charge traps, in
which electrons can move through them by means of trapping and
detrapping processes. In order to jump from a trap to another, the
electron needs to overcome the corresponding energy of the trap,
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reaching the CB until being trapped again. Detrapping is modulated
by the supplied voltage, reducing the trap ionization energy to
overcome the Coulomb potential energy. Hence, the current density
in this kind of materials can be expressed by the Pool-Frenkel (PF)
model as:

Jpr(E,T) = queNiEexp [— dia q;:T/(neogr) ) (2.8)
where q is the elemental charge, pe the electron mobility, Nt the
density of trapping centers, ¢; the potential of the trap with respect to
the conduction band, & and & the absolute and relative dielectric
constants, respectively, and kg the Boltzmann constant.

e Space-charge limited current (SCLC)

In the case that the dielectric cannot compensate the injected charge
from the electrodes, the detrapping rate is lower than the carrier
injection one. This effect induces charge accumulation at the
electrode-dielectric interface due to the filling of some traps with
carriers. Consequently, spatial deformation of the potential barrier
takes place by the generation of an electric field, which compensates
the carrier injection. When this occurs, transport lies within the space-
charge limited current (SCLC) regime, and the current density can be
expressed by:

Jscic(E) = g He€oér N_t:]; exp [— %] ) (2.9)

being Ninj the concentration of injected carriers and d the thickness of
the semiconductor layer. When all traps are filled, thus achieving the
so-called trap-filled limit (TFL), injected carriers can move freely into
the dielectric. In this case, the expression becomes

9 E?
JscLc(E) = gHe€oér - (2.10)

This kind of mechanism is observed in some defective materials like
nitrides or oxynitrides when there are in the high injection regime.
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Figure 2.11. Energy band diagram corresponding to PF and hopping transport

mechanisms. The application of an external electric field (E) induces the
bending of the band, reducing in q¢ the trap barrier energy q¢;.

e Hopping mechanism

When electrons hop from one trap to another one via tunneling
through the potential barrier, hopping mechanism is considered. This
tunneling takes place when electrons do not have enough energy to
overcome the potential barrier, being the probability of the event
dependent on the distance between traps. If this distance is short
enough, the hopping mechanism can be written as:

E—Eq
]hopping (E,T) = qan exp [CWZT] ) (2-11)

where a is the mean hopping distance, n is the electron concentration
at the CB of the dielectric, v the frequency of the thermal vibration of
electrons at the traps and Ea is the activation energy corresponding to
the energy of the trap with respect to the CB.

2.4.1.2. Electrode-Limited Mechanisms

In the case that the potential barrier height of the electrode-dielectric
interface is high enough, electrode-limited transport mechanism takes
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place. This transport mechanism is typically observed in low-
defective materials with a large band offset. At high electric fields, a
strong band bending occurs, thus accelerating the injected carriers
with high kinetic energy (hot carriers). Depending on the potential
barrier height and the temperature of the dielectric, different transport
mechanisms can be considered.

e Schottky emission

If the potential barrier height is low and/or the dielectric temperature
is high enough, Schottky emission mechanism takes place. This
transport mechanism is strongly dependent on the temperature and it
can be observed in thick insulators with low density of defects and
low tunnel transparency. In this case, the current density can be
written as:

senoeey (B, T) = “20 (g T)?exp | — ARATEE2E] (5 19)

where m* is the effective mass of electrons, h the Planck’s constant
and ¢,, the potential barrier height.

e Direct tunneling (DT)

Another possibility is that carriers overcome the potential barrier via
tunneling mechanism, directly achieving the CB level without the
necessity of intermediate-defective states (like hopping). Depending
on the shape of the potential barrier, different tunneling mechanisms
are considered. The first one is the called direct tunneling and it takes
place when the carriers overcome a trapezoidal barrier, being the
tunneling distance the thickness of the dielectric. Therefore, this
transport mechanism is normally observed in thin layers with low
dielectric constant. The current density, which does not depend on the
temperature, can be expressed by:

]DT(E) — q? Ezexp[ 8my/2qm* (¢ 3/2 _ ¢ _Ed)3/2)] (213)

B”h(¢'b1/2—(¢b—5d)1/2)2 3hE

As it can be seen, the current density is independent on the
temperature, being only the potential barrier height, ¢, the effective
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mass of electrons, m*, and the thickness of the dielectric, d, the critical
parameters in this kind of mechanism.

e Fowler-Nordheim tunneling (FN)

Under high electric field, larger than the electrode-dielectric barrier
height, the bending of the band is enough to achieve a triangular-
shaped barrier. Consequently, the effective thickness of the dielectric
is reduced, increasing the tunneling probability of the carrier to the
CB. In this case the current density is expressed by:

2 8my/2qm*
Jen(E) = 5= E*exp [—%%3/2 . (2.14)

e Trap-assisted tunneling (TAT)

In both DT and FN mechanisms, described before, carriers arrive
directly to the CB via tunneling of the electrode-dielectric barrier.
However, in defective materials governed by electrode-limited
mechanism, the electrical transport can become tunneling injection
mediated by the intra-band defect states. In this case, the transport
mechanism is called trap-assisted tunneling and the current density is
expressed by:
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N g 2qm*
Jrar(E) = %exp —%Q%S/Z] : (2.15)

In this case, the conduction depends on the potential barrier of the
traps ¢,, which are lower than ¢,. Therefore, this transport
mechanism is normally obtained at low-medium electric fields.

2.4.2. Resistive Switching Characterization

The analysis of the resistive switching properties of some devices was
carried out by means of the same experimental system employed for
the electrical characterization described above. In order to achieve the
different resistive states, a voltage stress protocol is required,
supplying the voltage on the top electrode and keeping grounded the
bottom one. Under enough voltage, typically positive, a sudden
increase of the current (Set) is obtained by the formation of conductive
filaments (CFs) in the dielectric layer. Sometimes, this process
requires setting a current compliance (CC) in order to avoid a
permanent damage in the devices. The properties of the CNFs are
strongly dependent on the value of this CC, being its study of great
interest. At this point, the device is in the low resistance state (LRS)
and the I(V) characteristics keeps limited by the CC until the voltage
is low enough to recover current below the CC. The high resistance
state (HRS) is obtained applying opposite (bipolar) or the same
(unipolar) voltage. In this case, no CC has to be set because sometimes
the device needs high current through the CFs to partially dissolve
them. When this occurs, the current suddenly decreases (Reset),
recovering the HRS. However, this state is normally more conductive
than the pristine state (before any structural or chemical
modifications) because part of the CFs are not totally dissolved.

Once Vset and Vreset are determined by the 1(V) characteristics, pulsed
voltages can be applied to write the LRS and HRS and to do the read
of the states. One resistive switching cycle consists of four
consecutive pulses: Vset, VRead, VReset aNd Vread. With this train of
pulses, the LRS and HRS can be determined after changing the state,
depending on the value of the current at Vread. In order to carry out
these pulses, an Agilent B1500 semiconductor device analyzer was
programed using MatLab software, resulting in total remote control
of the voltages and applied times.
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2.5. Electro-Optical Characterization
2.5.1. Electroluminescence Spectroscopy

When luminescent centers are excited as a result of the current
injection, the emission is called electroluminescence (EL) and the
spectra and their dynamics have great interest for the optoelectronics
industry. In this case, device structure is required, having transparent
electrode like TCOs to collect the emitted light. The excitation of the
luminescent centers is more complex than in PL because it depends
on the device design and on the electrical properties of the materials
involved. This luminescence can take place through two different
mechanisms, either via electron-hole recombination or via energy
transfer of the carriers. The first one requires the simultaneous
injection of electrons and holes from the anode and cathode,
respectively, while in the second one the conduction electron impact
on the luminescent center is the origin of the excitation

The experimental system employed to analyze the EL emission of
some devices consisted of an Agilent B1500 semiconductor device
analyzer, used for the electrical excitation of the devices, with
Cascade Microtech Summit 11000 probe station, such as described
before. The light emission was collected by a Seiwa 888 L
microscope, working with a NIR 20x objective with NA = 0.4.
Integrated emission was collected by means of a Hamamatsu R928
GaAs PMT, collecting directly the light from the microscope and
connected to a HP multimeter. EL spectra were acquired with a
Princeton Instruments LN-cooled charge-coupled device (CCD),
coupled to an Oriel monochromator.

2.5.2. Time-Resolved Electroluminescence

Analogously to PL measurements, the dynamics of the EL can be
analyzed by means of pulsed excitation, obtaining information about
the nature of the luminescent centers. In this case, the excitation is
carried out by electrical pulses with enough voltage intensity to induce
the excitation of the luminescent centers. In contrast to PL, both
positive and negative polarizations can be explored, which is of great
interest in devices that present rectification behavior. In this case, the
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Figure 2.13. (a) Photograph of the system employed for the electrical and
electro-optical characterization, which contains a probe station and a microscope
to collect the EL emission from the devices, which can be detected either using
a PMT or a CCD. (b) Photograph of a device contacted with a tip through the
ocular of the microscope. (c) Screen of the software used for the analysis of the
I(V) curves implemented into the Agilent B1500 semiconductor device analyzer.

dynamics of both accumulation and inversion regimes can be
analyzed and information about the mechanisms that govern the
process can be obtained. In addition, the possibility to alternate
positive and negative voltages can avoid the charge accumulation that
some devices present, typically at the interface between different
materials. Sometimes, when the polarization of the voltage changes,
this accumulated charge is discharged, inducing and overshoot in the
current intensity in the device and consequently in the intensity of the
emitted EL. This effect is observed in the case of the Si-NCs due to
the accumulation of positive charge when the device works in
accumulation regime, being neutralized by the electrons of the
substrate when the inversion regime is induced.

This characterization was achieved using a pulse generator module
implemented in the Agilent B1500 with a minimum pulse width of 10
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ns. The corresponding EL emission was detected by the PMT and
monitored by an Agilent Infinilum DSO 8064A oscilloscope.
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3. Si-Based Materials for
Optoelectronics and Resistive
Switching

“Change is never painful, only the
resistance to change is painful ”

Gautama Buddha

An important part of this Thesis is focused on Si-based materials for
optoelectronics and resistive switching applications. In this chapter,
the results obtained from these materials are presented, including
published papers with their corresponding summaries. These results
are divided according to the two different materials under study. The
first one consists of silicon-aluminum oxynitride (SiAION), which has
been used as RE host matrix, in particular doping it with cerium and
europium ions by sputtering and PLD techniques. The resistive
switching properties of undoped SiAION thin films are presented,
observing modification in their structural and chemical composition.
The second Si-based explored material consists of multilayered Al-
Th/SiO», fabricated via EBE using the delta-doping approach. The
optimal layer configuration to enhance the Tb3* emission, together
with the other fabrication parameters, was determined. Finally, the
effect of this multilayered structure and the influence of the RE on the
resistive switching properties were analyzed as well.

3.1. Silicon-Aluminum Oxynitride (SIAION)

Despite the excellent optical properties that the SiO. host matrix has
demonstrated when doped with REs, the low RE solubility in SiO>
causes RE clustering [114]. In order to solve this problem, other Si-
based materials have been explored as alternative host matrices, being
SizN4 one of the most interesting ones for its larger RE ion solubility
compared to the SiO2 one. In addition, the lower band-gap (4-5 eV)
of SisNs can enhance the electroluminescence properties, thus
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becoming a good candidate for electro-optical applications [115].
Therefore, the possibility of combining both SiO, and SisNs host
matrices (SiOxNy) becomes an interesting idea, taking advantage of
the electrical properties and good solubility of SisN4, together with the
presence of oxygen in SiO> for the correct Csv conformation that the
REs require for optical activation. On the other hand, the introduction
of other elements like Al (SiAlxOyN;) has provided the possibility of
tuning the electrical properties, being this quaternary host matrix more
adequate for electro-optical properties.

Beyond the excellent electro-optical properties of SIAION as RE host
matrix, its electrical properties, which can be modulated depending on
the stoichiometry, can attract great interest as Si-based material
compatible with CMOS technology. In addition, the fact that other
related compounds like SiOx [116], AlOx [117] or AINx [118] present
resistive switching properties, suggests that SIAION could have a
similar behavior, consequently becoming a good candidate for RRAM
applications. In this respect, the resistive switching properties of
SIAION onto p-type Si substrate was explored, depositing Al
electrodes in MIS structure.

In this way, two different collaborations have been carried out in order
to study the electro-optical properties of RE-doped SiAlxOyN;. The
first collaboration consisted of Ce-doped SiAlxOyN,; samples
fabricated in the Center of Research on lons, Materials and Photonics
(CIMAP) at the University of Caen Normandy (UNICAEN) led by Dr.
Christophe Labbé. The materials were deposited onto p-type Si
substrate by means of the RF sputtering technique using a
combination of CeO., Si and Al targets under a N> gas flow. Different
stoichiometries were explored and the electro-optical properties of
each compound were determined. The second collaboration consisted
of Eu-doped SiAION samples deposited by PLD onto p-type Si
substrate. Samples were fabricated by the Laser Processing Group of
the Instituto de Optica (CSIC) in Madrid, led by Dr. Rosalia Serna.
To explore the electroluminescence of the samples, the device
structure was completed in the clean room facilities of the Faculty of
Physics at the University of Barcelona, depositing ITO as top
electrode and aluminum in the rear side of the Si substrate by EBE.
The electrical and electro-optical characterization of all devices was
carried out in the EL lab of the research group.
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3.1. Silicon-Aluminum Oxynitride (SIAION)

3.1.1. Optical and Electro-Optical Properties

The optical and electro-optical characterization of the RE-doped
SIAION is divided into two subsections, one for each collaboration.
In the first one, the results obtained from Ce-doped SiAION fabricated
by sputtering in Caen are presented in detail, whereas the second one
refers to the Eu-doped SiAION PLD-fabricated in Madrid.

3.1.1.1. Ce-doped SiAION by RF sputtering

Samples were fabricated in Caen by means of RF sputtering
technique. The layers were grown in a N2 gas flow using a
combination of CeO, Si, Al, and SiO; targets. In a previous study of
the group of C. Labbé [47], SiOxNy samples were explored, observing
a dependence of the RE emission on the N concentration and
suggesting different luminescent centers due to the different Ce
atomic environment. The blue emission observed in PL measurements
is related to the Ce®* ions, being more intense at higher N
concentration. In our study, a red-shift of the Ce3* emission is
observed with respect to the Ce-doped SiOx due to the introduction of
nitrogen.

Both the electrical characterization and the EL acquisition were
analyzed in the EL lab at UB. Different samples were studied,
containing different concentrations of each species (Ce, Al, N). The
I(V) characteristics suggest an electron transport mechanism governed
by Poole-Frenkel model, especially at high N concentration, which
increases the dielectric constant. The presence of RE ions seems to
contribute to the dielectric constant modification, being slightly larger
in doped samples. Regarding EL emission, the sample with 4at.% of
Ce presents a clear blue emission related to the Ce®" ions, together
with a broad emission around 900 nm attributed to defects. However,
sample with 6at.% of Ce, does not exhibit any emission. This effect is
in agreement with the emission quenching that samples with high RE
concentration undergo, induced by the non-radiative interaction
between RE.

The introduction of Al was found to enhance the electrical endurance
by increasing the breakdown threshold voltage, consequently
achieving larger electric fields and currents, which in turn increases
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EL. Poole-Frenkel was also determined as the main electrical
transport mechanism, being the dielectric constant very sensitive to
the Al concentration. In contrast to the low EL emission from the
sample without Al, co-doped sample with 3at.% Al induces Ce3*
emission increase by a factor 3, whereas larger Al concentrations
decrease EL.

This study was presented as invited oral communication in the
international conference of the 233" Electrochemical Society (ECS)
Meeting celebrated in Seattle (USA), in 2018 [see Section B.3.
Conference Contributions (28)]. From this conference, a proceedings
paper was published in ECS Trans. Vol. 85(3) 9-21 [see Section A.1.
List of Articles (1)].

3.1.1.2. Eu-doped SiAION by PLD

Following the study of SIAION as optoelectronic material candidate,
other samples were fabricated in Madrid. In this case, SIAION layers
were doped with Eu by means of PLD onto p-type Si at room
temperature, using SIAION and Eu targets. The doping process
consisted of the ablation of targets, alternating 360 pulses of SIAION
and 10 pulses of Eu, being this process repeated 60 times and
achieving a total thickness of 150 nm. Afterwards, a thermal annealing
process was carried out at temperatures ranging between 300 °C and
800 °C for 1 h in air. By XPS analysis, a composition of Si (45at.%),
O (12at.%), N (40at.%) and Al (3at.%) was determined in undoped
SIAION, while an Eu concentration of 1.4at.% was observed in doped
samples, thus increasing the O/Si ratio. The easy oxidation of the RE
benefits the incorporation of extra oxygen, resulting in the formation
of europium oxide compounds. Broad spectra centered around 525 nm
were observed in all Eu-doped samples annealed at different
temperatures, which is attributed to the transition from the
degenerated 4f°5d* level to the ground state 8S7, of Eu?* ions. The
intensity of the integrated emission increases with the annealing
temperature, achieving the maximum signal at 600 °C and decreasing
for higher annealing temperatures. This effect is ascribed to the
reduction of the host matrix defects, which can contribute to a
quenching of the emission. More information about this structural and
optical characterization can be found in Ref. [52, 119].
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Figure 3.1. Integrated EL emission as a function of (a) supplied voltage and (b)
injected current. The inset in (b) represents the EL spectra at different supplied
voltages.

Similar to the Ce-doped samples presented above, the electrical and
electro-optical properties of the Eu-doped SiAION were analyzed in
Barcelona. Samples were completed as MIS structure, depositing ITO
dots using a chromium shadow mask as top electrode and aluminum
in the rear side of the Si substrate as bottom electrode, both by means
of EBE.

In the Figure 3.1(a), the integrated EL emission of these devices are
presented as a function of the supplied voltage. In accumulation
regime (V < 0), the sample presents a threshold voltage EL emission
around —6 V, whereas 11 V are required in inversion regime (V > 0).
The representation of this EL emission as a function of the injected
current in log-log representation can be observed in the Figure 3.1(b),
where the curves of both regimes have the same characteristics. In this
case, the curves present the same threshold current around 1x10° A
and follow a potential dependence between the integrated EL and the
injected current. In order to determine the origin of this EL emission,
the spectra were collected via a monochromator coupled to a CCD.
The inset of the Figure 1(b) represents the EL spectra of a device
supplied at different voltages. A clear emission is observed when
voltages higher than —6 V are supplied, in agreement with the
observed integrated EL emission. In addition, the fact that these
spectra present a broad emission confirms the Eu?* state of the RE
ions, as observed in PL emission.

69



3. Si-Based Materials for Optoelectronics and Resistive Switching

3.1.2. Resistive Switching Properties

After the good results that SIAION presented as RE host matrix, the
resistive switching properties of this material were studied in order to
explore its viability in RRAM applications. For this, devices were
adequately electrically stimulated to achieve the Set and Reset
processes between two resistive states, and the dominant electrical
transport mechanism was determined in both cases. In addition, a
detailed comparison between pristine and electroformed devices was
carried out, analyzing both structural and chemical composition
modifications between them.

3.1.2.1. SIAION as resistive switching device

An in-depth study of the resistive switching properties of
Al/SIAION/p-type Si devices was performed. The devices were
fabricated using the analogous process employed for Eu-doped
samples for the electro-optical characterization (see section 2.1.2.2.
Pulsed-Laser Deposition), but in this case without the RE and
replacing ITO for Al as top electrode. Before the electrode deposition,
the samples were submitted to an annealing treatment at 700 °C for 1
h in air. For the resistive switching characterization, devices
underwent a specific protocol applying on the top electrode a positive
voltage ramp. A sudden increase of the current was observed around
20 V, inducing the switch to the LRS and requiring a compliance
current of 0.5 mA to avoid permanent damage. This first step is known
as electroforming process, in which the conductive paths are created
for the first time. During this step, small features appeared in the top
electrode, being visible in situ with the optical microscope of the
system. The Reset process from LRS to HRS was achieved after
applying a negative voltage ramp without compliance current, taking
place around -4 V. At this point, the protocol was repeated, showing
more conductivity in HRS than in pristine state and presenting Vser
~15 V, lower than during electroforming. Reading the resistive state
at -0.5 V, a difference of 5 orders of magnitude in current between
both resistive states was observed, being 6.6 kQ cm and 2.5 GQ cm
the resistivities at LRS and HRS, respectively. Moreover, the
electrical transport mechanisms corresponding to both states were
analyzed, showing ohmic behavior in LRS and Poole-Frenkel as
dominant mechanism in HRS.
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In order to explore the small features appeared during the
electroforming process, SEM images were acquired, showing bubble-
like features in the Al top electrode. The cross-section of these
features could be also observed by FIB, thus corroborating the bubble-
like structure. Other smaller and irregular features were also observed,
in this case attributed to a precipitation of SIAION. To study better
these features, HRTEM images were carried out on both structures.
As observed by SEM, bubble-like features are formed as a
consequence of the bending of the Al electrode. The fact that the Al
electrode is detached from SIAION layer suggests a gas eruption from
SIAION, similar to other observations on different metal oxides in
which oxygen diffusion is the main process of conductive path
formation via oxygen vacancies [120]. Regarding the SiAION
precipitate, irregular contrast was observed, indicating different local
compositions within. In addition, and directly under the precipitate,
the SIAION layer presents a dark region in the bright-field TEM
image, which suggests a different composition of the film. The
chemical composition analysis of these regions was carried out using
EELS. Color-coded plasmon energy maps showed a clear
modification of the SIAION composition in the precipitate, presenting
higher-energy plasmons that were ascribed to a higher presence of
either oxygen or nitrogen (SiO2 and SizN4 plasmon peaks). In contrast,
the region under the precipitate exhibited a higher silicon
concentration than unaltered SIAION. These observations are in
agreement with the out-diffusion of oxygen and/or nitrogen and they
could be directly related to the conductive path formation. In order to
determine which species (either oxygen or nitrogen) is responsible for
the gas diffusion, composition density maps of the precipitate were
carried out from core-loss EELS images, integrating the area under
the K edges of N and O at 401 eV and 532 eV, respectively. This
analysis concluded that the out-diffusion is attributed to both oxygen
and nitrogen, being the precipitate rich in both elements and the region
just above presenting a lack of nitrogen and oxygen.

This study was presented in the international conference of the
European Materials Research Society (EMRS) Spring Meeting
celebrated in Strasbourg (France) and in the national Conference on
Electron Devices (CDE) celebrated in Barcelona (Spain), both in
2017, respectively as oral communication and poster presentation [see
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Section B.3. Conference Contributions (26 and 19)]. This study was
also published in Nanotechnology Vol.29 235702 [see Section A.1.
List of Articles (11)].

3.2. Multilayered Al-Tb/SiO2

As mentioned in the introduction of this thesis, [see Chapter 1.3. (Rare
Earth)], the trivalent state of RE ions into a host matrix presents
optical emission with narrowed spectra because of their 4f-electronic
levels in an open shell. In these conditions, terbium ions exhibit
intense emission in the visible range due to their °Ds — ’Fi transitions
(i=6,5, 4 and 3), taking place around 488 nm, 542 nm, 586 nm and
622 nm, respectively. In this case, the 542-nm transition is the most
intense one, giving the sample a green-colored emission. In order to
obtain this RE emission and avoid the clustering, very low atomic
percentage of the ions must be introduced into the host matrix
(1%—3%) and distributed as homogeneously as possible. Another
possibility makes use of the so-called delta-doping approach, in which
the RE is introduced into the host matrix by depositing very thin layers
of RE separated by layers of the matrix material. These RE layers
should be as thin as possible, being thicknesses below the atomic
radius the optimum ones to attain isolated RE atoms while preventing
lateral clustering. The inter-RE distance in the growth direction can
be controlled by the thickness of the host matrix, which separates the
RE layers. On the other hand, it is well known that the introduction of
metal atoms in the sample as co-doping element enhances the optical
emission of the RE by modifying its local environment.

In this study, Th-doped SiO> samples were fabricated by electron
beam evaporation via the delta-doping approach, in which pure Th
and SiO. targets were alternatively evaporated to obtain a
nanomultilayer (NML) structure. The nominal thickness of the Tb
layer was 0.4 nm, which is the thinnest layer that the fabrication
system permits. Other samples were also fabricated that were co-
doped with Al in different layer configurations in order to obtain the
best structure for the optical activation of the RE. Optical
characterization of the samples was carried out via photoluminescence
in the visible range, analyzing the spectra emission under the 325-nm
line of a He-Cd laser. The effect of the thickness of the SiO2 layer and
the annealing temperature was also studied. The next step of this study
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consisted of the structural and chemical characterization of samples,
obtaining HRTEM images of the NMLs and their composition by
means of EELS and XPS. The effect of Al on the photoluminescence
was analyzed and discussed in depth and related to the emission
dynamics of the RE. In order to complete the electro-optical
characterization of the material, device structure was achieved after
depositing ITO as top transparent electrode and Al in the rear side of
the substrate. Electrical characterization allowed comparing the
conductivity of the devices with and without Al, suggesting different
charge transport mechanisms. Electroluminescence emission was also
obtained, being the spectra in agreement with the PL measurements.
A quenching of EL was observed in successively acquired spectra at
constant injected current, which was directly correlated to a reduction
in the resulting voltage. This fact was attributed to a conductive path
formation via oxygen vacancies, which is one of the mechanisms for
conductive filaments formation in resistive switching devices. These
results induced us to explore both the resistive switching properties of
these devices and the role of the RE in these electrical properties.
Hence, the last part of this study was the resistive switching
characterization of Al-doped and Al- and Th-codoped SiO; devices,
both presenting memristive behavior. The introduction of the RE
presents clear differences in the Set and Reset voltages, even
achieving self-compliance behavior in some cycles. In the next
subsection, these studies are described more in detail and the
corresponding paper publications are as well presented.

3.2.1. Optical and Electro-Optical Properties
3.2.1.1. Al and Tb delta-doped SiO2 by e-beam evaporation

This first part of the study is focused on fabrication parameters like
the thickness of the SiOz layers (d) and the annealing temperature (Ta),
aiming at determining the optimum process for the optical activation
of the Th® ions. The NMLs were deposited onto crystalline p-type
(100)-Si substrate by EBE. The employed system was a PFEIFFER
VACUUM Classic 500 with a Ferrotec GENIUS electron beam
controller and a Ferrotec CARRERA high-voltage power supply. In
order to achieve delta-doping, the nominal thickness of the Tb** layer
was fixed at 0.4 nm, being the lowest thickness allowed by the system,
and the substrate temperature was kept constant at 100 °C. The

73



3. Si-Based Materials for Optoelectronics and Resistive Switching

structure of the samples consisted of 15%(Th/SiOz) bilayers, with SiO>
sublayer thicknesses ranging from 1.0 nm to 3.0 nm (inter-RE ion
distance in the growth direction). This structure was protected by two
10-nm-thick buffer and capping SiO: layers, respectively at the
bottom and on top of the NMLs. Finally, samples were submitted to
an annealing process at 700 °C, 900 °C and 1100 °C for 1 h in N for
the optical activation of the RE. The PL of the samples was analyzed
in the visible range (400 —700 nm), exciting the samples with the 325-
nm line of a He-Cd laser and obtaining a Th**-related emission in all
the samples. Annealed samples exhibit the most intense luminescence
due to a broad emission related to defects of SiO2 (0xygen vacancies).
However, the intensity of Tb%', subtracting the defect-related
emission, presents the most intense emission in the as-deposited
sample. The fact that the annealing treatment does not improve the
activation of more Tb®" ions as luminescent centers, being these
already optically activated during the deposition process, confirms
their poor diffusion within the oxide and the role of matrix defects
avoiding their optical activation. Regarding the intra-RE distance in
the growth direction (d), it was observed that the PL emission of the
Th** is very low for d < 1.4 nm, whereas it clearly increases for thicker
layers until values around d ~ 2.2 nm, beyond which the emission
keeps constant or slightly decreases. This fact confirms that thin SiO>
layers allow for the interaction between REs, which in turn increases
the occurrence of non-radiative processes. Using thicker layers,
however, the inter-RE distance in the growth direction prevents this
effect, consequently obtaining a larger number of optically-activated
Th*" ions.

The influence of Al on the optical properties of Th** ions was
investigated through the fabrication of new samples with different
configurations of Al, Th and SiO; layers, presenting in all cases the
same concentration of Th. Al layers were deposited either separated
by SiO; layers or close to Th layers in different structures. In contrast
to the samples without Al, all co-doped samples exhibit clear
enhancement of the PL emission of the Th®" ions when annealed, as
high as one order of magnitude in the case of the structure in which
the Tb is sandwiched by two Al layers. PL dynamics was analyzed via
time-resolved measurements at the Th-related emission wavelength of
542 nm, the samples without and with aluminum, under the best
configuration in terms of optimum emission, being compared. Two
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single exponential decay times were observed in both cases,
suggesting more than one luminescent center. The fast decay time is
different for both samples, being faster in the sample without Al with
0.6 ms, while the sample with Al presents a decay time of 1.2 ms.
These fast decay times are ascribed to cross-relaxation processes due
to the RE-RE interaction, which quenches the Th**-related emission.
This effect is more evident in the sample without Al, where the
interaction with the RE neighbors becomes more probable. However,
the slow decay time is the same for both samples, with a value of 1.6
ms, which is attributed to the decay time of the Tb®* ions in a proper
Cav configuration.

This study was presented in the international conference of the
European Materials Research Society (EMRS) Spring Meeting
celebrated in Lille (France) and in the Society of Photographic
Instrumentation Engineers (SPIE) Microtechnologies celebrated in
Barcelona, both in 2015, as oral communications [see Section B.3.
Conference Contributions (9 and 12)]. From the second conference, a
proceedings paper was published in Proc. of SPIE Vol. 9520 95200K-
1 [see Section A.1. List of Articles (111)].

3.2.1.2. Structural and optical properties of Al-Th/SiO2

The next step consisted of analyzing how Tb and Al layers are
distributed within the NML structure. In the case of the co-doped
sample, the structure in which Tb layers are sandwiched by two Al
layers was selected due to its better optical emission, as determined in
the previous work [see Chapter 3.2.1.1. (Al and Tb delta-doped SiO>
by e-beam evaporation)]. This structural characterization was carried
out by means of HRTEM and HAADF images, and complemented
with EELS, thus permitting the chemical composition analysis of the
NMLs at nanoscopic level. Average composition was also measured
by XPS, which allowed determining the oxidation state of aluminum.
PL emission was again investigated, by comparing both doped and co-
doped samples, whose dependence on the Th®* ions and SiO2 defects
was explored in both as-deposited and annealed samples at 700 °C,
900 °C and 1100 °C. Finally, the emission dynamics of the samples
was also investigated at 542 nm, showing a clear influence of the
decay time on the annealing temperature.
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HRTEM images confirmed the NML structure with a small degree of
waviness. No crystalline domains were observed in any regions,
which implies that all layers are in amorphous phase. In order to better
determine the distribution of the Al/Tb/Al stack, element distribution
maps were acquired, filtering the signal at the energies of the core-
loss edges corresponding to each element. No evidence of the
sandwiched structure was observed in the Al/Tb/Al stack, being the
present species totally intermixed and homogenously distributed.
However, these mixed layers are spatially isolated from the Si signal
coming from the region where the SiO layer is located. To study the
Al dependence on the bonds surrounding Tb ions, XPS measurements
were carried out at different depths. Spectra around the bond energies
corresponding to Al 2p, Tb 4d, Si 2s and O 1s were acquired for both
doped and co-doped samples, showing clear differences. In the case
of O 1s, a narrow spectrum was observed at the surface, where only
SiO2 is present. Nevertheless, a red-shifted and broader spectrum was
obtained at the middle of the NML, where Tb is present, which is
attributed to the influence of the Tb ions on the oxygen binding
energy. The co-doped sample shows more red-shifted and broader
spectra than the doped one, thus adding another contribution ascribed
to Al-O bonds. Taking into account the cross-section ratio of each
element, atomic concentrations were estimated from relative areas of
the spectra. From the top protective layer, good stoichiometry of the
SiO2 was obtained. At the middle of the NML an average atomic
content of 2at.% of Th was determined for the Th-doped sample. In
the Tb and Al co-doped sample, values of lat.% and 10at.% were
obtained for Th and Al, respectively. In this case, an oxygen excess of
23at.% was detected and ascribed to the oxidation of the Al-Tb stack.
Considering that all Al atoms are oxidized in Al203 form (due to its
easy oxidation), 45% of Tb atoms should be also oxidized in the form
of Th203, even forming an Al-Tb-O ternary compound. The fact that
no extra oxygen was observed in the Th-doped sample supports this
assumption, the oxidation taking place only at the interfaces with the
SiO2 layers. Hence, the introduction of Al close to Tb ions strongly
affects the local environment of the RE, favoring its oxidation and,
consequently, having an impact on its emission properties.

The optical characterization was carried out in a similar way than in

the previous study. In contrast to what was observed in the Th-doped
samples, in which the Tb3*-related PL emission did not depend on T,
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Al and Tb co-doped samples present a clear enhancement of the RE
emission when annealed. The thermal treatment induces the optical
activation of the RE due to a rearrangement of the local environment
of the Th® ions by the Al presence. This annealing process also
activates the defects of the SiO2 host matrix, although this emission
can be quenched when annealed at very high temperature (1100 °C),
due to an improvement of the structural arrangement of the SiO.
Comparing the RE emission of Th-doped and Al and Tb co-doped
samples, annealed both at 1100 °C, an enhancement of one order of
magnitude was observed in the latter. This fact evidences that the
presence of Al contributes to improve the optical activation of the RE.
Similar to the previous study, the emission dynamics of the co-doped
samples annealed at different temperatures was analyzed at 542 nm.
The as-deposited sample presents a single exponential decay with a
decay time of 0.5 ms (similar to the as-deposited sample without Al).
However, after annealing at intermediate temperatures (700 °C and
900 °C), two single exponentials were observed, one fast and another
one slow with decay time of 1.2 ms and 1.7 ms, respectively. The
dynamics corresponding to the sample annealed at 1100 °C shows
only one single exponential with a decay time of 1.7 ms, which is the
same slow decay time that samples annealed at intermediate
temperatures exhibit. The two different decay times suggest that Th**
ions are in two different optically-active spatial configurations. In
fact, different recombination times are ascribed to different ratios of
radiative and non-radiative processes within the material. A thermal
treatment at high temperature reduces these non-radiative processes
by decreasing the defects concentration, and consequently all
optically-active Tb** ions become in the optimum Cav configuration,
thus showing only one decay time.

This study was published in Journal of Applied Physics Vol. 120,
135302 (2016) [see Section A.1. List of Articles (1V)], as a final result
of the structural and optical characterization of the AI-Tb/SiO>
samples.

3.2.1.3. Electroluminescence of Al-Th/SiO2 devices

The electrical and EL properties of devices containing Al-Tb/SiO> on
a p-type Si substrate were as well inspected. Indium tin oxide (ITO)
was employed as transparent conductive oxide (TCO) to collect the
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light emission from the NMLs when an electric field is supplied. The
measurement setup consisted of an Agilent B1500 semiconductor
device analyzer and a Cascade Microtech Summit 11000 probe
station, biasing the voltage on the top contact and grounding the
bottom one. Electrical transport mechanisms were studied in
accumulation regime (V < 0), where the light emission from the Th**
ions was detected, matching the spectrum with the obtained from PL
and chathodoluminescence (CL). Finally, the quenching of the EL
emission from the RE, obtained along successive measurements, was
correlated with a voltage reduction due to an increase of the
conductivity of the layer via the formation of conductive paths.

In contrast to the samples fabricated for structural and optical
characterization, in which 15x%(Al/Tb/Al/SiO2) NML stacks were
deposited between two 10-nm-thick SiO> protective layers, thinner
samples were employed for the device structure, containing only
5%(Al/Tb/Al/SiO2) NML stacks without the SiO. protective layers.
This thinner structure was selected in order to achieve enough current
density at low voltages that enables EL emission. The top electrode
was circle-patterned with ITO by EBE using a chromium shadow
mask with 200 um of radius. An annealing treatment of ITO at 600
°C for 1h in N2 was required to increase its optical transparency.
Finally, the bottom contact was achieved by depositing full area
aluminum electrode by EBE as well. Prior to the electrical and electro-
optical characterization, the samples were excited under resonant and
non-resonant conditions using the 488-nm and the 325-nm lines of
Ar* ion and He-Cd lasers, respectively. Similar spectra were obtained
in both cases, which match with the CL after exciting the samples with
electrons at 2 keV. Via I(V) characteristics, electrode-limited
conduction mechanism based on the Schottky emission model was
found as the main electrical transport mechanism.

Integrated EL was obtained using a PMT, which exhibited an
emission threshold voltage of 8.5 V. Linear dependence of the EL on
the injected current was observed with a threshold current of 2 pA.
The spectrum of this emission was acquired using a LN2-cooled CCD
camera during 30 s, when the device was excited by injecting -100 pA
at -18 V. Successive measurements were carried out under the same
electrical conditions, obtaining a clear quenching of the RE emission.
Analyzing the evolution of the voltage in these measurements via V(t)
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characteristics, a direct correlation between EL intensity and voltage
was obtained, showing a sudden decrease of the voltage after some
seconds. This effect could be attributed to the conductive paths
generation during the measurement, which increases current through
them.

This study was presented in the international conference of the
European Materials Research Society (EMRS) Spring Meeting
celebrated in Strasbourg (France) in 2017, as poster presentation [see
Section B.3. Conference Contributions (23)]. From the conference, a
proceedings paper was published in Physica Status Solidi A 1700451
[see Section A.1. List of Articles (V)], being selected as cover picture
in the Vol. 215, Issue 3, published on February 71, 2018.

3.2.2. Resistive Switching Properties

In order to better analyze the formation of the conductive paths that
the electro-optical characterization expects, the resistive switching
properties of the Al-Tb/SiO, multilayers onto p-type Si, using either
Al or ITO as top electrode, were explored to determine whether this
structural modification can be reversible or not.

3.2.2.1. Th-Al/SiO2 as resistive switching device

First of all, a device containing Al as top electrode was submitted to a
positive voltage ramp to induce the electroforming process and,
therefore, to achieve the LRS. In order to avoid permanent damage to
the device, a compliance current of 100 pA was set. As can be seen in
the Figure 3.2, this electroforming takes place around 4 V. The Reset
process was carried out after supplying a negative voltage ramp
without current compliance, being around —4 V the voltage at which
this process occurs. This fact confirms that existence of conductive
path formation and thus the possibility to modify the material to
achieve the HRS again. After these interesting results, the device was
submitted to a larger number of cycles, obtaining similar results. The
second cycle (showed in red) presents a Set voltage threshold around
4V, which is similar to the one observed in the electroforming process
and having a similar curve in the LRS. The third cycle shows the same
behavior as the second one. However, the following cycles (in blue)
present more conductive properties in both resistive states. In this
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Figure 3.2. Full 1(V) cycles corresponding to a device containing multilayered
Al-Th/SiO, structure onto p-type Si and using Al as top electrode. The black,
red and green curves correspond to the electroforming process, the second and
the third cycles, respectively. Blue curves correspond to the following cycles.

case, the Set process occurs at the same voltage, but a clear voltage
dispersion is observed. In addition, the shape of the curves indicates a
decrease of the accumulated charge from —0.75 V to -0.2 V, even
disappearing in some cases. This behavior change could be interpreted
as the formation of more conductive paths along the cycle. In fact, all
curves show a clear instability in the Reset, indicating the complexity
of this process and how the HRS is strongly dependent on the
conduction of the material after the Reset.

Once the resistive switching properties of this multilayered structure
were confirmed, the same process was carried out in devices
employed in the electro-optical characterization (see subsection
3.2.1.3. Electroluminescence of AI-Th/SiO, devices), being the
substitution of the Al by ITO as top electrode the only difference with
respect to the device presented above. These devices were of great
interest in order to correlate the EL emission previously observed with
their resistive switching properties. The Figure 3.3 shows the I(V)
characteristics of a device containing the ITO as top electrode contact.
In this case, the device requires more voltage to induce the
electroforming process. This fact could be attributed to the low
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Figure 3.3. I1(V) curves of different resistive switching curves of a device
containing multilayered Al-Th/SiO2 structure onto p-type Si and using ITO as
top electrode. The black, red, green and blue curves correspond to the
electroforming process, the second, the third and the fourth cycles, respectively.

conductivity of the top electrode, being higher the supplied voltage in
order to induce the first resistive switching. Regarding the Reset
process, similar behavior can be observed, requiring a higher voltage
with respect to the following cycles. In addition, the HRS obtained
after the first Reset process achieves a resistive state less conductive
than the other ones. The following cycles presented Set voltage
thresholds lower than the electroforming one, showing more
dispersive values around 4 V in comparison to devices containing Al
as top electrode; therefore, it is clear that the incorporation of ITO as
top electrode strongly influences on the resistive switching properties
of the device. However, the necessity to have a TCO as top electrode
is a requirement to use these kind of devices for electro-optical
application, yielding light from them in specific conditions.

In order to determine whether the devices emit light via EL under
these specific resistive conditions, 1(V) characteristics was measured
while simultaneously collecting the integrated EL emission. The
Figure 3.4(a) shows a complete cycle with the electroforming and
Reset processes and Figure 3.4(b) presents the corresponding
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Figure 3.4. (a) Complete 1(V) resistive switching cycle corresponding to the
device containing multilayered Al-Th/SiO- structure onto p-type Si and using
ITO as top electrode. (b) Integrated EL emission simultaneously collected with
the I(V) characteristics of the resistive switching cycle presented in (a).

integrated EL emission. First of all, no emission is observed at low
voltages due to the low current that the pristine device presents.
Around 8 V, a current instability can be seen together with a slight EL
emission. For supplied voltages higher than 12 V, the device recovers
a current stability progressively increasing its current and showing an
integrated EL emission with incremental value. About 16 V, the Set
process takes place, being the current of the LRS limited by the
current compliance. At this moment, the integrated EL emission is
totally quenched, not exhibiting any EL emission along the rest of the
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Figure 3.5. Integrated EL emission as a function of the injected current, in log-
log representation, corresponding to the EL emission presented in the Figure 3.3
(b), which was simultaneously collected during the resistive switching cycles
shown in the Figure 3.3 (a).

curve in the LRS. Analyzing the Reset process, a more complex
behavior is observed. Supplying negative voltage, the device does not
show EL emission while the LRS is present (see point 1). The Reset
occurs in two processes. The first one is around —2 V, decreasing the
current through the device. However, the supplied voltage is enough
for the correct excitation of the luminescent centers (see point 2). The
second Reset process takes place around -3 V, obtaining a more
resistive state than the previous one. In this case, the device shows a
slight EL emission, which progressively increases after higher
negative voltage is applied (see point 3). Once the cycle reaches the
maximum negative voltage and the voltage ramp goes back, this EL
emission starts decreasing as well (see point 4) until -4 V, where the
EL emission is totally quenched (see point 5).

As it can be observed, there is a current difference between the points
3 and 4. This fact can be attributed to the instability of this resistive
state, presenting continuous structural and chemical modifications of
the material. In addition, the corresponding integrated EL in this
region of the I(V) characteristics presents a lower-intensity light
emission. The Figure 3.5 plots the integrated EL emission as a
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function of the injected current in log-log representation, which shows
two clear emissions that correspond to the two voltage polarization
states of the device. At positive voltages, corresponding to the
electroforming process, a linear dependence of the integrated EL on
the injected current is observed with a threshold current around 2x10~
® A. In contrast, the integrated EL emission after the Reset process,
corresponding to negative voltages, shows higher threshold current
around 1x10™* A. In this latter case, the dependence is linear as well,
thus indicating that the intensity of the EL directly depends on the
injected current as long as the luminescent centers have enough
energy excitation.
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Ce-doped SiOyNy and SiAION matrices are promising materials
for blue LED applications. The uniqueness of this approach stems
from the fact that SiO4N,, as a host, combines specific properties
of individual SiO, and SiN, matrices like solubility, efficient
emission, 5 eV gap efc. with a broad excitation range (400 to 500
nm) of Ce®" due to the 4f-5d transitions. Furthermore, the co-
doping with aluminum enhances the Ce®” emission. In this work,
we fabricated electroluminescent devices using SiO,N,: Ce®" and
SIAION: Ce’" as an active layers and studied the resulting
emission under optical and electrical excitation as a function of
nitrogen, cerium and aluminum concentrations. /- measurements
were conducted to determine the SiON,: Ce’" layer electrical
parameters. The transport through the devices obeys a Poole-
Frenkel conduction mechanism. It was demonstrated that by
optimizing the SiOxNy:Cc3' material growth parameters an
improvement of electroluminescence yield can be achieved with
maximum intensity achieved for devices with Ce content of 4 at.%.

Introduction

Rare earth (RE) doped silicon based materials have been extensively investigated in the
past years. Various hosts were doped with Er’* ions that emitted at 1.5 pm corresponding
to the maximum transparency of silica used in telecommunication. (1). For the Ce* ion,
only a few studies have been reported on its electroluminescence (2). Among the silicon-
based matrices, silica (SiO) and silicon nitride (SizNs) have been extensively explored;
however each of them present certain advantages and drawbacks. In the case of silica
matrices, achievement of strong RE*" ions emission is limited by a low excitation cross
section (3), the highly insulating nature of the Si0; matrix, a low RE solubility as well as
RE cluster formation (4). However, the main drawback limiting the SiOs: RE light
emitting applications comes from the large band gap of the matrix (~9 eV) resulting in
low electrical conductivity. On the other hand, SizN4 with a smaller energy band gap (4
eV) and reduced tendency of the RE to form clusters seems to be more suitable for RE
doping (5,6). However despite these advantages the emission efficiency from RE*" ion in
a nitride matrix is much lower than in silica matrix (7). To capitalize on the advantages
offered to the RE doping by both oxide and nitride silicon matrices, a Ce-doped SiOxN,
matrix has been explored by Ramirez e al. (8). It was reported that the maximum
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electroluminescence (EL) peak from Ce®" ion shifted from 400 nm to 476 nm as function
of the nitrogen concentration (i.e. the nephelauxetic effect) (8). Koao et al. showed that
aluminum co-doping Ce®* doped SiO, glasses leads to an enhancement of
photoluminescence emission (9). In this work, Ce-doped SiO\N, layers with a typical
thickness of 50 nm were grown by sputter deposition. Photoluminescence (PL) from the
SiOxNy: Ce layers and EL from capacitive devices having a SiONy: Ce active layer were
examined for device performance as function of growth parameters and material
composition.

Experimental Techniques

Active Layer Preparation

The devices were fabricated in a few step process. First, the Ce-doped SiO.N, active
layer was grown by magnetron reactive sputtering on 2-inch diameter (001) p-type silicon
wafers under an argon plasma at the CIMAP laboratory. During the growth, the chamber
base pressure was fixed at 3 mTorr, the argon flow was 8 sccm and the substrate
temperature was kept at 300 K. Samples were deposited from CeO;, aluminum and
silicon targets under a fixed nitrogen flux with the density of power on the CeO; and Al
targets varied from 0 to 2.1 W.em™, 0.3 to 0.75 W.cm™, respectively and fixed at 4.5
W/ecm? for the Si target. As-deposited films were thermally annealed in the 600°C to
1200°C temperature range for 1 hr. in nitrogen ambient at atmosphere pressure.

Device Fabrication

Figure 1 summarizes the device obtained and shows the thicknesses of the layers. The
individual indium tin oxide (ITO) top electrical contacts were deposited on the SiO,Ny:
Ce layer by electron beam evaporation using a shadow mask having a set of circular
holes with 0.2 mm dim. In;03/Sn0O; (90%/10%) pellets with a diameter of 1 mm or 2 nm
were used as sputtering targets. An oxygen flux was maintained in the growth chamber
during deposition cycle to prevent the formation of oxygen defects in the transparent
conducting layer, which would cause EL from ITO. The ITO thickness is 200 nm. The
SiONy: Ce/ITO structure was heated with a ramp rate of 15°C/min to 600°C and for 1h
under nitrogen atmosphere. The bottom aluminum metal contact, a 200-nm-thick Al layer
is deposited at room temperature at the bottom of the silicon substrate.

Susbtrat silicon p type

Figure 1. Schematic layout of fabricated Al/p-Si/SiON,:Ce/ITO device.
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Chemical, Optical and Electrical Characterization

The as-deposited film thicknesses was measured with a UVISEL VIS-FGMS
Ellipsometer at 70° incident angle. A Lot-Oriel, 1 kW Xenon lamp having 50 nm wide
excitation optical beam, connected to an OMNI300 monochromator was used to excite
the samples at 325 nm for the photoluminescence (PL) measurements. The detection
system was locked-in with a SR830 amplifier referenced at the excitation light beam
chopped frequency. The chemical composition of the SiON,: Ce films was determined
by Rutherford Backscattering Spectroscopy (RBS) measurements carried out with a 4.5
MYV tandem accelerator in the Edwards Accelerator Laboratory, Ohio University. More
details are available elsewhere (10). /-V curves were measured at room temperature by
means of an Agilent B1500 semiconductor device analyzer connected to a Microtech
Summit 11000 probe station. The EL spectra were acquired using a Princeton Instrument
LN;-cooled CCD coupled to a monochromator. Three sets of samples were deposited and
are described in detail below.

Set Description

For the first set, the nitrogen flux was varied from 1 to 2 sccm, the argon flux was
fixed at 8 sccm and the pressure was 3 mTorr. A power density of 2.1 W/cm? was applied
on the CeO; target. The Table I summarizes the different parameters used as well as the
thickness of the layers.

TABLE I. Growth parameters used for Ce doped SiO,N, layers corresponding to set 1

Nitrogen flux (scem)  Thickness (nm) Ce concentration (at. %) Al concentration (at. %)

1 47 6 0
1.5 49.7 6 0
2 50.8 6 0

For the second set, all samples were growth under a 2 sccm nitrogen flux and 8 sccm
argon flux at room temperature. The power density on the CeO, target was varied in
order to obtain doping of 2 at. %, 4 at. % and 6 at. % Ce. The Table II summarizes the
different growth parameters.

TABLE IL Growth parameters used for Ce doped SiO,N, layers corresponding to set 2

Nitrogen flux (scem)  Thickness (nm)  Ce concentration (at. %)* Al concentration (at. %)

2 49 2 0
2 48 4 0
2 51 6 0

For the third set, all samples were then grown under a 2 sccm nitrogen flux and 8
scem argon flux with a 6 at. % Ce doping. The power density on the Al target was varied
in order to obtain doping of 3 at. % and 8.5 at. % Al. The Table III summarizes the
different growth parameters.

11
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TABLE III. Growth parameters used for Ce doped SiAIO4N, layers corresponding to set 3

Nitrogen flux (scem)  Thickness (nm) Ce concentration (at. %) Al concentration (at. %)

2 51 6 0
2 54 6 3.0
2 45 6 8.5

Results and Discussion

Rutherford Back Scattering

The compositions of SiOxNy: Ce films having various contents of Si, O, and N were
reported previously (10). In that study the Ce content in the SiON, was constant. Table
IV summarizes the concentrations of selected SiOxN,: Ce films grown with different Ce
concentrations when varying the nitrogen flux from 1 to 2 scem. In the case of the Ce-
doped SiAlOxNy layers the Al content was deduced from the kinetic deposition.

TABLE 1V. Si, O, N and Ce concentrations obtained by RBS
Density of power (W/cm?)  Nitrogen flux (scem)  Si (at. %) O (at. %) N (at. %) Ce (at. %)

1.05 2 38.7 18.9 39.7 2

1.5 2 37.6 19.3 38.6 4

2.1 2 31.3 31.3 31.3 6
Photoluminescence

Before depositing the electrical contacts, PL spectra were obtained to confirm the Ce**
ion optical activity in the Ce-doped SiONy layers.

Nitrogen variation (Set 1). The nitrogen flux applied during the growth was found to be a
dominant factor for Ce®* emission in SiOxNy as well as the silicon concentration (10).
Figure 2 shows the PL spectra obtained for three Ce-doped SiON, films grown with
different nitrogen fluxes (1, 1.5 and 2 sccm) and a power density of 2.1 W/cm? on the
CeO, target when excited at 340 nm wavelength.

2 sccm

0,84
-
3
‘i— 0,6
>
=
2 0,44
S 1.5scem
2
£ o2

1 sccm
0,0 T T T T 1
400 450 500 550 600

Wavelength (nm)
Figure 2. PL spectra of 6 at. % Ce doped SiOxN, layer grown under 1, 1.5 and 2 sccm
nitrogen fluxes for an excitation wavelength of 340 nm
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For nitrogen fluxes of 1 and 1.5 sccm, a wide emission peak is observed from 400 to
600 nm corresponding to Ce®* emission. For the highest nitrogen flux (2 sccm), a three
times stronger emission is obtained. A previous study in this same system, with lower
oxygen concentrations, shows the same Ce*” emission (10) but there was no emission for
fluxes under 2 sccm. The emergence of an emission for lower nitrogen flux here comes
from the oxygen presence which favors the cerium emission.

Ce concentration variation (Set 2). Figure 3 shows the PL spectra of Ce-doped SiO.Ny
layers containing Ce®* ions with Ce concentrations between 2, 4 and 6 at.%, all grown
with the same nitrogen flux of 2 sccm. The PL intensity increases by an order of
magnitude when Ce content increased to 6 at. %.

Intensity (a.u.)

4at. %
22at.%

460 4&".0 5‘)0 5;0 600
Wavelength (nm)

Figure 3. PL spectra of Ce-doped SiONy layers grown with 2, 4 and 6 at. % of Ce under

2 sccm nitrogen flux when excited at 340 nm wavelength.

Al concentration variation (Set 3). To increase the RE solubility (11), optimized samples
were co-doped with Aluminum.

1,0

0,8

0,61

0,44

85at. %
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0,24
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0,0 T T T T
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Wavelength (nm)

Figure 4. PL spectra of Ce-doped SiAlON, layers grown with 0, 3 and 8.5 at. % of Al
and with 6 at. % of Ce under 2 sccm nitrogen flux excited at 340 nm wavelength.

Figure 4 shows PL spectra of Ce-doped SiOxN, samples with 6 at. % of Ce after co-
doping with Al. It is seen that visible emission intensity decreases when Al content
increases up to 3 at.% and then increases from samples having up to 8.5 at.% of Al.
Further studies are required to investigate this behavior, however the Al doping seem to
reduce the PL activity.
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After demonstrating that visible emission from Ce*" jons in Ce-doped SiO«Ny
samples could be optically excited, electrical contacts to the samples were fabricated as
described in the experimental section. The rest of this article will focus on the electrical
excitation of Ce>" ions in SiO,Ny matrices growth with different nitrogen fluxes, then in
SiO4Ny matrices grown with different Ce ions concentrations and in Al-doped SiAIONy
matrices.

Electroluminescence

Nitrogen Concentration Variation (Set 1). All samples have an active thickness of about
50 nm. This thickness implies a low potential barrier height favoring the electrical
conduction. A preliminary /-7 characterization was performed on the devices with a
voltage bias between 0 V to ~ -40 V. The plots of current density vs. electric field are
shown in Figure 5. The J(E) plot is represented with J = I/mr? and E =V/e ,
respectively, where / is the measured current, » is the surface contact radius, V is the
voltage and e is the layer thickness. The silicon wafers used for the substrates are p-doped,
the current conduction across the structure is more efficient when negatively biased;
therefore only this case will be discussed further.

(@) e=16,7
€=15,7
£=9,6

10
10%
10°]
10°
1074
10%4
107

J (Alcm?)
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104 ‘ *
(c)
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10

B 10
a
o 1074

1024

1 10
V(v)

Figure 5. (a) Current density of Ce-doped SiOxNy layers grown with different nitrogen
fluxes as a function of the applied electric field (negative polarization) and the
corresponding fitting to the Poole-Frenkel conduction mechanism model (dash line). (b)
Optical image of a broken electroluminescence device surface. (c) Conductivity ¢ (J/E)
vs. external voltage applied.
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The Fig 5(a) displays the J-E curves for three Ce-doped SiO,N, layers grown with
nitrogen fluxes of 1, 1.5 and 2 scem, respectively. The J-E curves are homogenous with a
slight increase of the current density starting at 1.6 MV/cm for the samples grown with
lower nitrogen fluxes whereas for a strong current density increase is observed at 0.5
MV/em for the sample grown with a nitrogen flux of 2 scem. The J-E curve
corresponding to a layer grown with 1.5 scem nitrogen flux shows an intermediary
behavior, namely, for a low electric field, the increase of current density follows the
behavior of the lowest flux and after a field of 2 MV/cm, its behavior follows the curve
corresponding to a 2 sccm nitrogen flux. All devices breakdown when the electric field
applied reached 6 MV/cm, as shown in the Fig 5(b).

In Si based matrices, the conduction mechanisms usually observed are Fowler
Nordheim Tunneling (FNT) (12), Trap Assisted Tunneling (TAT) (13,14) or Pool-
Frenkel (PF) (15). Their current density (Jey, Jrur and Jpg, respectively) as a function of
the electric field (E) are expressed by the following equation:

B G S P (_4_42mi)
Jrn (anhmax:pb)E exp 3ha E [1]

With mgy the electron effective mass in the dielectric, ¢y the potential barrier between the
electrode and the conduction band and m* the electron effective mass.

3/2
v ¢
o = (35 Eren - 42 2

Whit n; the trap surface density, 7" the relaxation time between 2 tunnel effects (capture
and emission) and ¢, the energy of the trap in comparison to the conduction band.

Jpr =quNEexp| —————— [3]

Where p is the carrier mobility, ¢g the electrode-dielectric barrier, K, Boltzmann’s
constant, €, the relative permittivity, T"the temperature et N, the density of states.

By conducting theoretical modeling using Eqs. 1-3 we have concluded that for active
layers grown with the higher nitrogen fluxes (1.5 and 2 sccm) the conduction mechanism
obeys the PF model (see Fig. 5(a)). For this mechanism, the carrier transport is done by
electrons in localized states, by electrons trapping and un-trapping until they reach the
dielectric conduction band (15). In this case, the temperature plays an important role as
the thermal energy allows electrons to acquire sufficient energy to reach the conduction
band. We believe that PF model can be applied satisfactorily to a material with defects
similar to those observed in a nitride matrix and that limit the probability of the current
tunneling effect. In Table V is shown the dielectric constant, &. for the 6 at. % Ce sample
obtained from the PF fit to the data. Ramirez ef al. has reported similar effect in Ce-
doped oxynitride silicon (8). It was found that for a very similar SiON, layer
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composition having 1 at. % of Ce, the & parameter was between 8 and 13. In contrast, in
this study, the SiOxNy layers having 6 times larger Ce concentration, have & slightly
larger along better sensitivity to the RE concentration. As reported in the Ref. (8), the
large disparity between the dielectric constant values reported is attributed to the
simplicity of the devices fabrication. Nevertheless, the average of these measurements
seems to highlight an increasing trend with the total amount of RE incorporated. Thus,
one can conclude that the RE doping seems to affect the dielectric constants of an active
layer; however this hypothesis requires further confirmation.

To validate our theoretical approach we have compared the dielectric constant
obtained for a reference device with undoped active layer with one reported by Haji et al.
(16) for a similar SiO.Ny composition as shown in Table V. In short, Ref. 16
demonstrates that the PF conduction mechanism applied to the SiO;N, system that
relative permittivity is lower than reported here for Ce-doped SiONy layers. The reported
& values are similar to the relative permittivity of the undoped SiO; (& = 4) and SisNy (&
= 4) matrices (8) rather than to the Ce-doped SiO,Ny samples.

TABLE V. Relative permittivity (&) obtained for undoped and Ce-doped (1 at. % and 6 at. %) SiON,.

SiO,N, Undoped SiO,N, Doped Ce
Hajji et al.(16) Ramirez et al.(17) . . N
Ref. SIiO,N, dopé Ce 1% at. SiONy : Ce 6 % at.
£ 6.2-8.8% 8-13 9.6-16.7

92

* The Relative permittivity (&) values deduced from the Eq. 7 and Fig. 4 reported in Ref.(16)

Figure 5(c) shows electrical conductivity (o) through the Ce-doped SiO.Ny active layer
measured at 300 K. It can be seen that the conductivity curves obtained for layers grown
with different nitrogen fluxes show two distinct effects when bias voltage increases. First,
the lowest voltage threshold (2 V) is observed for the 2 sccm nitrogen flux as compared
to the two other nitrogen fluxes (8 V). Secondly, the conductivity rapidly increases for
the higher nitrogen flux. We believe, that these two effects can be explained by the
nitrogen introduction to the SiO Ny matrix resulting in a decrease of the oxygen
concentration. Indeed, one can expect that with less oxygen in the SiO.N, layer, the
matrix properties become similar to SiNy rather than to SiO,, thus the observed
conductivity increase.
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Figure 6. EL spectrum of 6 at. % Ce doped SiO,N, layer growth under a 2 sccm nitrogen

flux measured at 300 K.
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Figure 6 shows the EL spectrum of Ce-doped SiO:N, layer grown with a 2 sccm
nitrogen flux. A relatively low intensity emission band centered at 500 nm due to 4f-5d
transitions in the Ce®” ion was detected at 300 K. Nevertheless, this EL peak is similar to
the one observed in PL spectra (see Fig.2), thus we believe that in both cases the same
optically active center is involved. It should be note, that no EL was detected from the
Ce-doped SiONy layers growth with 1 and 1.5 sccm nitrogen flux because the
conduction current has not reached excitation threshold.

Cerium Concentration Variation (Set 2). As seen in Fig. 6, the EL intensity related to
Ce® ion is low. One of the reasons for this low intensity emission could come from a
high doping concentration. Figure 7(a) displays the J-E curves of Ce-doped SiO.N,
layers with three different Ce concentrations. In all cases the J-E curves are similar and
can be modelled by the PF mechanism. We have extracted the dielectric constants (&) for
each tested Ce-doped SiOxNy layer by fitting to the PF model. The & values are between
14.5 to 16.7 and are higher than the one reported in the literature (17). The & value
increases with the Ce dopant content increase, however the observed & increase of ~7 %
is not significant when compared to the value obtained for the undoped SiOsN, layer (see
Table V). Figure 7(b) shows the evolution of the conductivity (o) as a function of Ce-
doping content. It is see that the ¢ does not depend significantly on the Ce®" ions
concentration. The Ce dopant seems to not play a significant role on Ce-doped SiOsN,
active layer conductivity, as opposed to the relative permittivity.

(a) 2at. % Ceg=14,5
10°1 4at.%Cee=167
6at. % Cee=16,7

— 10°] g
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Figure 7. (a) Current density vs. applied field (negative polarization) in Ce-doped SiONy
active layers grown with different Ce contents (negative polarization). Please note that
devices with active layers having 2 and 6 at. % of cerium brokedown when field
exceeded 6 MV/em. The dashed line corresponds to the PF fitting. Insert shows initial
sections of J-E curves. (b) Conductivity ¢ parameter vs. applied voltage for the same
active layers as in (a).

The higher current observed in Ce-doped SiO Ny sample with 4 at. % Ce content is
due to the fact that only this active layer could tolerate an electric field higher than 6
MV/cm. We have recorded EL from devices with active layers doped with 4 and 6 at. %
of Ce, however these devices brokedown at higher electric field. Figure 8 shows
comparison between EL spectra recorded under the same excitation conditions before
catastrophic breakdown of the device occurred and the representative PL spectrum from a
Ce-doped SiOxNy layer with Ce content of 4 at.%. We speculate that the breakdown in
devices with active layers containing high cerium content is possibly due to the contact
failure as the selected tested electroluminescent devices failed before achieving sufficient
current to generate strong EL signal.
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Figure 8. Comparison between EL spectra of 4 and 6 at. % Ce-doped SiON, active
layers grown under a 2 sccm nitrogen flux and PL spectrum from Ce-doped SiON, layer
with 4 at. % of Ce excited at 340 nm wavelength.

It is seen in Fig. 8 that active layer with 6 at. % Ce generates a very low intensity EL,
in contrast to the active layer with 4 at. % Ce. The observed EL spectrum is 200 nm wide
with maximum peak intensity at 500 nm. This dominant EL spectrum band shape is
similar to the PL spectrum obtained for the same active layer confirming that the
observed emission originates from Ce®” ion. It is seen that the EL peak maximum is
redshifted (~50 nm) as compared to the EL spectra reported for similar devices by
Ramirez et al. (8) and Skopura et al. (2). We believe that the observed shift is due to the
nephelauxetic effect (18) (10) resulting from the introduction of nitrogen to SiONy
matrix inducing a Ce*" ion emission band maximum redshift.

Al Concentration Variation (Set 3) Figure 9 shows the J-E curves of Ce-doped SiAIONy
active layers doped with Al at 0, 3.0 and 8.5 at. % concentration. It is seen that the
current density starts to increase as soon as the electric field is applied. This observation
is in direct contrast to the behavior of Al-free active layers where current density
increased when the applied electric field exceeded 0.5 MV/cm (see Fig. 5). We believe
that by incorporating Al dopants in the active layers the breakdown occurs for electric
fields of 7.5 MV/cm and 9 MV/em for samples doped with Al content at 3.0 at % and 8.5
at.%, respectively. It is clear that incorporating Al increases the conductivity of an active
layer at lower bias voltages between 0 to 4 V as seen in Fig. 9(b). For higher bias voltage
(up to 40 V), the conductivity of active layers is significantly reduced. Thus, by Al
doping one can achieve a device breakdown threshold to occur at higher bias voltage,
however at the same time Al doping doesn’t increase the overall active layer conductivity.
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Figure 9. (a) Current density vs. applied electric field (negative polarization) for Ce-
doped SiAION, layers grown with different Al contents. Dashed lines are fits to
individual J-E curves using the PF model. (b) Conductivity c (J/E) vs. applied voltage for
the same active layers as in (a).

As seen in Fig. 9(a), all J-E curves show the same behavior that can be simulated by
the PF mechanism. The dielectric constant (&) values of 16.7, 13.1 and 14.8 were
extracted from use of the PF model for different Ce-doped SiAlONy layers doped with
Al at 0, 3 and 8.5 at. % respectively. We have concluded that Al co-dopant to Ce-doped
SiOxNy layers has a direct impact on the & parameter value.
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Figure 10. EL spectra of Ce-doped SiAlION, active layers containing 0, 3 and 8.5 at. %
of Al grown under a 2 sccm nitrogen flux obtained under excitation condition listed in
insert. The EL band peaking at 950 nm corresponds to the Si substrate.

Figure 10 displays the EL spectra of Al co-doped SiOxNy: Ce*" active layers along
with a reference Al-free counterpart. It is seen that the most intense EL spectrum is from
the SiOxN,: Ce*" active layer co-doped with Al at 3 at. %. There is three times more
current passing through this sample as compared to the sample containing 8.5 at. % of Al
We explain this difference in the observed current magnitude by the fact that these two
samples have different thickness. We speculate that the thicker the active layer is, the
weaker is the electrical field in the active layer and this directly affects the current.

Conclusions
All studied samples have been tested for their optical activity under optical excitation.

Concerning the influence of nitrogen flow, no EL signal was observed for layers grown
under 1 and 1.5 sccm nitrogen fluxes. However, a weak EL signal was observed for the
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sample grown under a 2 scem nitrogen flux. A well-defined EL signal was obtained for a
4 at. % Ce-doped sample, this demonstrates the potential for blue LED emission with Ce
doping. Adding Al on the layers permits an increase in the EL signal compared to the Al
free sample, and increases the breakdown voltage. With Al, the EL signal was increased
by a factor 5.

The conductivity of the samples was fitted best by a Poole-Frenkel model. Hot
carriers jump from defect to defect until they reach the conduction band (with carriers
being trapped in localized states). The relative permittivity evolution was found to be in
adequacy with the dopants concentration but further study will require confirmation since
the conductivity is dependent only on the matrix composition and not the dopant
concentration. EL spectroscopy measurements tested the emission of our different
Si(Al)OxNy:Cca‘ samples. Among all layers tested, onl;/ the samples deposited under a 2
scem nitrogen flux SiOxNy:Cc3+ (4 at. %), SiAION:Ce " (6 at. % Ce, 3 at. % Al and 8.5
at. % Al) present an EL signal. One of the main reasons for the efficiency of those layers
is their high breakdown strength enabling the device to reach sufficient current for EL
emission. Especially adding Al tends to increase the breakdown threshold in order to
obtain an EL signal.

Those results pave the way for enabling blue LED fabrication based on SiOxN,: e’
layers. The growth parameters can be optimized as well as the fabrication methods for
contacts.
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Abstract

The resistive switching properties of silicon-aluminium oxynitride (SiAION) based devices have
been studied. Electrical transport mechanisms in both resistance states were determined,
exhibiting an ohmic behaviour at low resistance and a defect-related Poole—Frenkel mechanism
at high resistance. Nevertheless, some features of the Al top-electrode are generated during the
initial electroforming, suggesting some material modifications. An in-depth microscopic study at
the nanoscale has been performed after the electroforming process, by acquiring scanning
electron microscopy and transmission electron microscopy images. The direct observation of the
devices confirmed features on the top electrode with bubble-like appearance, as well as some
precipitates within the SiAION. Chemical analysis by electron energy loss spectroscopy has
demonstrated that there is an out-diffusion of oxygen and nitrogen ions from the SiAION layer
towards the electrode, thus forming silicon-rich paths within the dielectric layer and indicating
vacancy change to be the main mechanism in the resistive switching.

Keywords: resistive switching, chemical composition, SiAION thin films, charge transport

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

1. Introduction

The low energy efficiency of Complementary Metal-Oxide—
Semiconductor (CMOS) transistors is a strong limitation for
the design of ultra-low power distributed devices for the new
era of the Internet of Things and big data. A new generation of
energy-efficient, scalable, miniature switching devices and/or
novel computer paradigms are expected to deal with these

6 Author to whom any correspondence should be addressed.

0957-4484/18/235702+08$33.00

challenges—such as reconfigurable switching resistors and
neuromorphic computing, respectively [I, 2]. In fact, they
represent a new bioinspired approach to the hardware imple-
mentation of brain neurons and synapses. A switching resistor
(commonly known as a memristor) is a device that exhibits a
resistance that depends on the voltage applied, keeping its
value in the absence of any voltage. This effect is exploited, for
example, in resistive random-access memory (ReRAM) devi-
ces, which are expected to play a leading role in future appli-
cations [3-5].

© 2018 IOP Publishing Ltd  Printed in the UK
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There are many different binary compounds currently
under study for their use as resistive switches (RS), such as
transition metal oxides and refractory materials like TiO,,
SnO,, HfO,, Ta,Os and ZnO, among others. They have
shown resistive switching response by forming Metal —Insu-
lator—Metal (MIM) structures, where the metals are typically
Ni, Al, Cu, Ag or Ti [6-14]. In these structures, resistive
switching properties are usually promoted by the formation
and destruction of conductive nanofilaments (conductive
paths) between the metal electrodes. Nanofilament formation
can proceed in several ways; the most common of these are:
(i) the valence change mechanism (VCM), where the rear-
rangement of oxygen ions leaving their equilibrium sites leads
to the formation of metallic nanofilaments (oxygen vacan-
cies), and (ii) electro-chemical metallization (ECM), where
the nanofilament is created due to the diffusion of metallic
atoms from the contacts into the oxide layer.

As-deposited VCM materials do not usually show
memristive properties until an electroforming process is car-
ried out. The electroforming is a curing process which con-
sists of applying a relatively high voltage for some time.
During this process, the applied electric field promotes the
rearrangement of oxygen ions, thus stimulating local struc-
tural modifications which result in the formation of filamen-
tary conducting structures, many of them interrupted by
insulating gaps [15]. Once the filamentary structure is pre-
formed, the further application of voltage and/or current leads
to the formation or destruction of conducting paths between
the electrodes. In the case that a conductive filament is created
by the application of a set voltage (usually much lower than
for electroforming), there is an abrupt resistance decrease in
the device (changing from OFF to ON state). The structure
stays in the low resistance state (LRS), ON, until a negative
reset voltage and/or a high current is applied and the fila-
ments are destroyed (from ON to OFF), increasing their
resistance and changing to the high resistance state (HRS),
OFF [16-19].

Although transition metal oxides are the most commonly
reported materials with memristive properties, their compat-
ibility with CMOS technology is also an important issue for
their implementation in mass production processes. In the
past, some of the co-authors of the present work have already
demonstrated memristance in SiOy with polysilicon electro-
des, with remarkable results [20]. Some aspects require fur-
ther improvement, like more abrupt switching, reduction of
voltage variability, improvement of endurance and increase
in writing or erasing speeds [21-24]. The introduction into
the oxide of additional elements compatible with CMOS
technology (e.g. N and Al) has contributed to an optical and
mechanical enhancement [25, 26]—this is a promising route
to enhance the optoelectronic performance of these materials,
given their implementation in the electronics industry as a
resistive switching element.

In this work, we explore the resistive switching proper-
ties of silicon-aluminium oxynitride (SiAION) thin films
using an Al-electrode as contact. The electroforming process
for activating the resistive switching and the writing
and erasing cycles are described in detail. In addition, the
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Figure 1. (a) Cross-section sketch of the MIS devices under study,
containing a SiAION layer onto a p-type c-Si substrate. (b) Detailed
image corresponding to a TEM image of the cross-section of a
pristine device. (c) and (d) High resolution TEM images of the
Si-substrate /SiAION and SiAION/Al-electrode interfaces,
respectively.

structural and chemical modifications at the nanoscale have
revealed an out-diffusion of O and N ions, forming either
bubbles or SiAION precipitates below the Al-electrode,
whereas no Al diffusion from the electrode into the SiAION
layer has been observed. These results suggest that the VCM
is the most probable mechanism responsible for the resistive
switching properties of SiAION-based ReRAM devices.

2. Experimental details

SiAION thin films (140 nm-thick) were grown onto p-type
(100)-Si substrates (470 2cm) by means of pulsed laser
deposition. The ablation of the SiAION target was carried out
at room temperature with a base pressure of 1 x 10~® mbar,
using a 193 nm ArF-excimer laser with a pulse duration of
20 ns and at an energy density of 4.1 J cm ™2 per pulse. After
deposition, the films were submitted to an annealing process
at 700 °C in air. X-ray photoelectron spectroscopy measure-
ments determined a SiAION composition of Si (45 at.%), Al
(3at.%), N (40at.%) and O (12at.%) [25]. The device
structure was completed by fabricating a vertical Metal
—Insulator—Semiconductor (MIS) structure, the metal, insu-
lator and semiconductor materials being Al, SiAION and the
Si substrate, respectively. The top and bottom electrode
metallization was done via electron beam evaporation of Al,
in which the top electrode was properly patterned in the form
of 150 pm-diameter circular dots by using a chromium sha-
dow mask, whereas a full-area Al deposition was applied on
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the rear side of the Si substrate. A sketch of the device
structure is shown in Figure 1(a).

The device structure was assessed by observing the cross
section of the device with a Jeol 2010F transmission electron
microscope (TEM), operated at 200kV, coupled to a GIF
Gatan filter. Chemical analysis was performed by means of
electron energy loss spectroscopy (EELS), co-acquired with
high angular annular dark field (HAADF) in scanning TEM
(STEM) mode. The accurate selection of specific regions over
the wafer has been made possible by using a Zeiss 1560XB
Cross Beam focus ion beam (FIB) and scanning electron
microscopy (SEM), and reducing the region thickness down
to about 50 nm (up to electron transparency).

TEM images were acquired in a cross-section config-
uration from a pristine device. These images show the Al and
SiAION layers on top of the Si-substrate, presenting good
uniformity, with layer thicknesses of 70 nm and 140 nm, for
the Al and SiAION, respectively (see figure 1(b)). A Pt-layer
on top, necessary for the FIB sample preparation, can also be
observed in the images. A high-resolution analysis revealed
an atomically-sharp interface between the crystalline Si sub-
strate and the amorphous SiAION layer with roughness of
about three monolayers (see figure 1(c)), whereas the inter-
face between SiAION and the Al electrode exhibits enhanced
roughness.

The electric characterization of the devices was per-
formed by means of an Agilent B1500 semiconductor device
analyser and a Cascade Microtech Summit 11000 probe sta-
tion, wherein the devices under study are screened from
external electromagnetic fields by a Faraday cage. This
combined hardware—software system is suitable for switch-
ing characterization thanks to the possibility to set a protocol
using the current—voltage [/(V)] sweep mode, with a com-
pliance current when necessary.

3. Results and discussion

3.1. Electrical assessment of resistive switching effect in
SIiAION

We have performed an in-depth study of the electric proper-
ties of the devices under different switching protocols. To
elicit the memristive behaviour, first of all the devices must
undergo an electroforming process, after which the two
resistive states can be obtained using voltage ramps at dif-
ferent polarizations. Figure 2(a) shows the electroforming
process in our device, which exhibits characteristic ramps due
to the switching between the high and low resistance states.
Note that the current is represented in logarithmic scale due to
the huge resistance ratio between the states. The switching
between the two resistive states describes a cycle in which the
following regions can be defined and are labelled in the
figure: (1) the pristine device is submitted to a positive
increasing ramp up to 20V, exhibiting a highly resistive
conduction. At voltages close to 20 V, (2) there is a sudden
increase in the current, which subsequently reaches the cur-
rent compliance limited at 0.5 mA, whereupon the device
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Figure 2. (a) Complete cycle of a typical /(V) curve, showing the
two different resistance states. The cycle steps as described in the
text are written down as numbers in the graph. Voltage bias is applied at
the top electrode, whereas the back contact is grounded. (b) RESET
representation where the two states, HRS and LRS, are highlighted in
red and blue, respectively. The inset shows these curves in log—log
representation, with their corresponding fits (ohmic for LRS and Poole
—Frenkel for HRS). The data obtained from fits (resistivity and
dielectric constant) are also plotted in the graph. All current values are
in absolute value.

switches from the HRS to the LRS. Since at this point we are
limiting the current through the device by using a variable
resistor in series (to prevent the irreversible breakdown of the
device), the resistance in the LRS can only be determined
once the voltage is lowered to obtain currents well below this
limit, recovering the real /(V) curve in the LRS. This beha-
viour is observed in the region labelled as (3), where the
current is constant at the current compliance, reducing the
voltage. At voltages below 0.1 V, (4) a linear relation between
the applied voltage and the obtained current can be observed,
with a large slope that indicates the creation of conductive
paths between the two electrodes; the device remains in this
LRS under low negative bias. At large enough negative
voltages without the limitation of the current compliance, (5)
the current rapidly increases and remains independent of the
applied voltage until (6) it is abruptly reduced from mA to a
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few pA. This behaviour suggests that the conductive paths
have been interrupted and the device has switched back to the
HRS. At this point, (7) the /(V) curve remains in this HRS,
with a conduction behaviour typical from insulating materials.
To complete a memristive cycle, (8) the voltage is positively
increased again following an insulating (V) curve, but far
more conductive than for the pristine device. Finally, (9) there
is a sudden current increase for voltages around 15V, again
achieving the LRS. The cycle resumes at point (3) and is
repeated in the following cycles. Therefore, the switching to
the LRS is obtained by applying a write voltage of
Vser > 15V (keeping the current compliance active), and the
HRS is attained after Vggsgr < —5 'V is applied (without
current compliance).

So far, studies performed in SiO,-based devices have
revealed a movement of oxygen ions during the electro-
forming process as a consequence of the electro-reduction
under an external electric field [17]. Actually, regions with
oxygen vacancies are locally more conductive, thus inducing
an abrupt reduction in its resistance, which is typically
ascribed to the formation of conductive nanofilaments
through the oxide film [15]. In our SiAION-based devices, the
I(V) curve sometimes exhibits a sudden current increase
during the forming process (as observed at 9 V in figure 2(a)),
which indicates an attempt of state switching which is not
completed, the system thus returning to the original state. In
addition, the /(V) characteristics present irregular behaviour
just before the switching (from 12 V). This last feature has
been observed in all the studied SiAION-based devices just
before finishing the electroforming process, and could be
attributed to a gradual, structural material modification before
the generation of conductive nanofilaments. The need for a
current compliance to attain the LRS is due to the high
conductivity that this state exhibits. Indeed, our devices show
a conductivity enhancement with respect to other published
works on Al-free Si-based materials which present similar
memristive behaviour [20]. This occurrence of increased
conductivity may be a consequence of the presence of Al, in
analogy with the work of Choi ef al, who presented a resistive
switching device based on aluminium nitride in which a
current compliance was required for LRS because of the high
current this state presents [27].

Once the nanofilaments are created after the electro-
forming process [step (2)], the conductive paths can be
interrupted by oxygen migration from the local environment
to the nanofilaments due to increased redox oxidation process,
thanks to local heating induced by the Joule effect and con-
sequent increase of the local temperature [28]. To generate the
conductive paths again and switch from the HRS to the LRS,
a much lower voltage is necessary than in the electroforming
process, indicating that once conductive paths are created and
break, they are more prone to be created again in successive
cycles. This fact is further corroborated by the lower resis-
tivity in the HRS [step (8)] compared to the pristine state [step
(1)], attributed to the lack of conduction paths through the
SiAION layer, which behaves as an insulator. So far, the
results indicate that devices based on SiAION with Al-elec-
trodes behave as memristive devices, in agreement with
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previous reports of resistive and
SiNy-based memristors [17, 27].

The electric transport mechanisms dominating in both
states have been analysed in the accumulation regime
(V < 0). This analysis was carried out under these conditions
because not only is the reading of the state done in this
regime, but also the substrate does not limit the current
injection towards the SiAION layer. Figure 2(b) displays, for
the sake of simplicity, the accumulation region of the /(V)
curve in figure 2(a), where the studied range for the LRS is
marked in blue, and that for the HRS in red. Keeping in mind
their electrical characteristics, the two different states can be
read by simply monitoring the current at Vg = —0.5V
(green dotted vertical line in figure 2(b)), which has been
intentionally selected to provide a large resistance difference
between the two states (see blue and red points in figure 2(b)).
On one hand, there is a linear dependence in the LRS, indi-
cating an ohmic behaviour. Using the thickness and the dia-
meter of the devices as taken from electron microscopy
images, a resistivity value of prrs = 6.6k cm is found at
Vieaa- It is important to note that this resistivity value has been
obtained by considering the full device area. It is likely that
current only flows through narrow (nm-thick) conductive
paths, whose section could be orders of magnitude lower;
therefore, the conductivity of the material might even be
locally higher in this state. On the other hand, the HRS
exhibits a non-linear I(V') curve for more than five orders of
magnitude in current, with a resistivity of pyrs = 2.5 GQ2 cm
at Vieaq- The defective nature of the SiAION layer suggests a
(trap-assisted) Poole—Frenkel mechanism, in which the cur-
rent dependence on the applied voltage follows the expression
[29-31]

switching in SiO,-

—¢, + ¢V /(mepe,d)
Vexp T R
B

I= quNA

where ¢ is the elementary charge, p the electron drift mobi-
lity, N, the density of trapping states, A and d the area of the
device and the thickness of the SiAION layer, respectively, ¢,
the energy barrier of the defect-generated trap level with
respect to the SiAION conduction band, ¢, and ¢ the relative
and vacuum dielectric permittivity, respectively, kg the
Boltzmann constant, and 7 the temperature. By fitting this
expression to the experimental data, a relative permittivity
of & = 12.0 was obtained, which approaches the value
corresponding to pure Si (¢, = 11.9) [32]. However, it should
be noted that this value may differ from what we would
obtain by means of other techniques, since the most general
Poole—Frenkel technique also takes into account the trapping
and detrapping ratio of electrons within the localized states
[33-35], which would result in a reduced effective &,. Indeed,
the necessary presence of these trap states is in agreement
with the layer containing partially conductive paths with some
oxygen vacancies, which results in the abovementioned fact
that the devices are more conductive at HRS than before the
electroforming process.
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Figure 3. (a) SEM image of the top electrode of a device after the electroforming process, where surface features are marked with red arrows.
(b) Cross-section TEM image of a bubble. (c) Detailed image at the edge of the bubble, i.e. the red framed region in (b). (d) TEM image of
the cross section of a different region, showing a precipitate beneath the Al electrode and a dark region within the SiAION layer.

3.2. Compositional analysis after the electroforming process

In order to shed light on the structural modifications that drive
the two different conduction mechanisms, we have performed
an in-depth microscopic study at the nanoscale after the
electroforming process, by acquiring SEM and TEM images.
Figure 3(a) shows a SEM image of the surface of a device
after the electroforming process. Some irregularities can be
seen on the surface, randomly distributed, with lateral sizes
that range from some hundreds of nanometres to a few
micrometres, which is in contrast to the smooth and homo-
geneous surface in pristine devices (see figure 1). The for-
mation of some of these irregularities with a circular shape is
of special interest because they could even be observed in situ
during the electroforming process by an optical microscope;
based on this, we have tentatively ascribed them to structural
modifications during the electroforming process; they could,
therefore, be of interest in explaining the resistive switching
properties of SiAION-based devices.

Samples were prepared for TEM observation in cross-
section configuration by using FIB, in order to explore the
structure underneath those circular shapes (see figures 3(b)—
(d)). Figure 3(b) clearly shows that the Al-electrode is locally
bent and separated from the SiAION layer, whereas the latter
layer is perfectly stacked on top of the substrate, forming a
bubble. In figure 3(c), a magnified view of the selected part of
figure 3(b) is displayed, in which the different layers of the
devices can be clearly observed at the edge of the bubble, all
of them continuously and perfectly stacked. However, when
moving to the centre of the bubble there is a clear detachment
of the Al top electrode from the SiAION layer, thus causing a
physical deformation that can be observed from the top of the
devices (the detachment is around 200 nm in height). In fact,
the contrast of the region between the electrode and the

SiAION layer indicates that there is total electron transpar-
ency in this region, i.e. a void region, suggesting that this
surface inhomogeneity has a bubble-like structure, which was
presumably filled by gas during the electroforming process.
Considering the chemical reduction of the active layer during
the electroforming process reported in the literature and the
atomic species of our SiAION layer, the only possible gases
that can produce those bubbles are O, and N,. Thus,
the positive bias applied to the top electrode should induce the
migration of negatively-charged O or N ionic species from
the SiAION layer towards the top electrode. Whereas some
authors have reported O, release during both the electro-
forming process and for the formation of new conductive
filaments in oxides [36, 37], devices based on nitrides have
been observed to release N, during the resistive switching
process, which would also promote the formation of gas
bubbles [27].

Nevertheless, the creation of bubble-like features is not
the only mechanism that governs the formation of topological
irregularities in the surface. In figure 3(d), we show a cross-
section TEM image corresponding to another feature in the
surface. It is evident from the figure that in this region there is
a local thickness increase of the layer beneath the Al-elec-
trode, with a non-uniform contrast. In fact, the image reveals a
precipitate on top of the SiAION layer, which bends the Al
contact (see the dotted-framed region of figure 3(d)). The
precipitate presents a width of 250nm and a height of
130 nm, showing an irregular shape. Immediately under this
precipitate there is a darker region within the SiAION layer,
suggesting a compositional modification of this active layer
that is presumably related to the formation of the precipitate
on top of it. It is important to note that this feature is not
observed underneath the bubbles, where the SiAION layer
seems to remain unaltered.
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Figure 4. STEM (dark-field) images corresponding to (a) an edge of a bubble and (b) a precipitate; (c) and (d) show the colour-coded plasmon
energy maps of the corresponding green square-framed regions in (a) and (b), respectively. (e) Low energy-loss spectra of Si, Al, SiO,, Al,O3
and Si3N,, showing the plasmon of Si (~16.7 eV), SiO, (~23 eV), SizN, (~24 eV), Al (~15¢eV) and AL, O5 (23.8 eV), where the colour
scale employed in (c) and (d) is also included and correlated to the chemical composition according to the convoluted plasmon energy.

In order to analyse the composition of these regions, low-
loss EELS analyses of these regions were carried out in STEM
mode. Figures 4(a) and (b) correspond to the STEM-HAADF
images of the analysed regions (a bubble and a precipitate).
Figures 4(c) and (d) show the colour-coded maps corresp-
onding to the energy value of the bulk plasmon peak observed
in the low energy loss region of the spectra in the considered
areas [the colour scale ranges from 14eV (red) to 26eV
(purple)]. The low-loss region of the spectra of the elements
and compounds of relevance for this analysis are displayed in
figure 4(e) [plasmon of Si (~16.7eV), SiO, (~23eV), SizNy
(~24¢V), Al (~15eV) and ALO; (23.8eV)] [38, 39], together
with their colour correspondence.

In figure 4(c), a homogeneous contrast can be observed
for all the layers, both at the edge and in the middle of the
bubble, which indicates that there is no modification of the
plasmon energy of the different layers (SiAION and Al), i.e.
no modification of their stoichiometry. Moreover, there is a
clear shift to higher energies of the plasmon peak at the
interfaces that can be attributed to partial oxidation because of
their exposure to the atmosphere during the different steps of
the device fabrication. However, the interface between the
SiAION and Al layers presents higher plasmon energies than
for both materials, pointing to a higher content of O and/or
N. Due to the facts that the composition is homogeneous
around this region and that the bubble must be filled with
gas (O, and/or N,), the compositional variation at the
SiAION/ALI interface could be related to O or N migration
from other regions of the device, forming SiO, and/or SizNy
or Al,O5 and resulting in an effective plasmon shift to a
higher energy.

The same analysis was carried out in the region where a
precipitate is observed (figures 4(b) and (d)). The region
labelled as A in figure 4(d) presents a plasmon peak at
21.8 eV, corresponding to the SiAION layer, whose energy is
substantially lower than the plasmon peak for SiO, or SizNy,
but larger than the one corresponding to pure crystalline Si. In
addition, energy-dispersive x-ray spectroscopy measurements
in the same region assessed the presence of Si, Al, O and N
within the SiAION layers (not shown here). The SiAION
region labelled as B in figure 4(d) presents a different
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plasmon energy, centred around 18.0 eV (green colour in the
image), which indicates that this region has a different com-
position than the rest of the SiAION layer. The fact that the
plasmon energy of this region has decreased with respect
to its surroundings indicates a larger concentration of Si
and/or Al, with some degree of oxidation or nitridation
(i.e. formation of silicon-rich oxynitride). Therefore, these
results suggest that there has been some out-diffusion of O
(and probably N) from this region towards other parts of the
structure (for instance, towards the top electrode as suggested
by figure 4(c)), which takes place during the electroforming
process.

The region situated just above B, labelled C, displays a
plasmon peak around 22.2 eV, close but with a slightly larger
energy than the one corresponding to the SiAION layer,
which can be attributed to a higher presence of O and N.
Finally, the region labelled D in figure 4(d) presents a plas-
mon peak around 23 eV, which indicates a region rich in O or
N between the SiAION and Al layers. In addition, the Al
contact presents a less regularly coloured distribution, indi-
cating a component modification probably caused by the
precipitate.

In order to determine whether the shift of the plasmon
peak is due to the interdiffusion of N, O or both, further EELS
experiments were carried out. Figure 5 shows the composition
density maps of the precipitate obtained from core-loss EEL
spectrum images before and after removing the background
signal, integrating the area under the K edge of N at 401 eV
(figure 5(b)) and the K edge of O at 532 eV (figure 5(c)). The
results of the core-loss EELS study clearly show that the shift
of the plasmon peak is due to the diffusion of both oxygen
and nitrogen through the SiAION layer. In addition to their
presence in the precipitate, the region just below (labelled B
in figure 4(d)) shows a lower concentration of these two
elements. The fact that the Al-electrode exhibits more intense
oxygen signal than the SiAION layer could be ascribed to the
different probabilities of electron—matter interaction in Al
and SiAION. The results displayed in figure 4(d), where the
Al-electrode presents a plasmon peak closer to that of metallic
Al than of Al,Os, are in agreement with this assumption.
Nevertheless, the high concentration of oxygen observed in
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(a)

Figure 5 (a) STEM (dark-field) image corresponding to the
precipitate under analysis; (b) and (c) show the composition density
maps obtained from the core-loss EEL spectrum of the green square-
framed region. Compositional maps are obtained from the areal
density of the K edge of N at 401 eV (green) and the K edge of O at
532 eV (blue).

the external part of the electrode can be ascribed to the
ambient oxidation, whereas oxygen diffusion from SiAION
into the Al-electrode is responsible for the O presence at the
precipitate /electrode interface.

Due to the fact that both oxygen and nitrogen ions are
negatively charged, the composition results presented so far
suggest that these ions drift towards the top electrode when
polarized under positive bias. During the upward diffusion of
0% and N*" ions, a non-negligible concentration of these
ions is partially trapped in the intermediate region (label C in
figure 4(d)), as demonstrated by a subtle shift to higher
energies observed when analysing the latter. Some of the
remaining (i.e. still diffusing) ions arrive at the precipitate
(label D), again inducing a plasmon blue-shift in this region
due to enhanced SiO, and Si;N, formation. If the diffusing

0%~ and N>~ ion concentration is higher than what the pre-
cipitate can absorb, these ions may actually reach the SiA-
ION/Al interface, where they are discharged, forming O, and
N, gas, which is in turn further diffused through the interface
and accumulated in random areas. After certain gas pressure
is reached, the top electrode will mechanically stress the
weakest part of the layer, resulting in a layer bending that
gives rise to the observed bubble-like structure on top of the
devices. From the analysis of both features it is thus plausible
to assume the bubble-like structures to be the final step of the
proto-precipitate feature, in a process that started with ion
migration from the SiAION layer and ended up stressing (and
bending) the Al contact layer through O, and N, gas satur-
ation at the Al/SiAION interface.

The compositional analysis at the nanoscale made so far
has shown a clear out-diffusion after the electroforming
process of both N and O atomic species. Similar results were
obtained in other silicon-based memristors, where it was
shown that the electroforming and switching processes are
ruled by actual movement of these species under the presence
of an external electric field [17]. In our devices, this out-
diffusion suggests the formation of conductive nanofilaments
made of Si—Al alloy as the responsible process for attaining
the LRS. Assuming that our nanofilaments exhibit a similar
relative stoichiometry of Si and Al to the SiAION layer, they
are probably mostly composed of Si, with some minor Al
incorporation. Taking into account the area of the devices,
the difference in conductivity between LRS and HRS
in our device (074" = 1.5 x 107*Q 'em™!, oHAlON =
4% 107°Q 'em™!) is some orders of magnitude larger
than in similar devices made of either SiOx (o}is =
1.6 x 107°Q 'em™, o3i% = 4.6 x 107°Q " em™") [15],
or SiON (o§ON = 25x107°Q 'em™!, ofON =
25 x 10790 "em™") [40]—which, together with the
structural observation at the nanoscale, suggests that Al plays
an important role in the nanofilament creation, thus enhancing
the overall conductivity of the devices. Finally, since alumi-
nium can easily be oxidized (and also nitridized) [27, 41], it
should contribute to the fast capture of either O or N atoms in
the reset process [27], as suggested by the low reset voltage in
comparison to the set one.

In summary, the described observations of the device
cross-section morphology under external polarization, as
well as the chemical composition analysis of the regions
under study, give evidence of the diffusion of 0>~ and N*
ions through the SiAION layer. In fact, the structural mod-
ification observed may be responsible for the creation of
conductive paths, and thereby for the generation of mem-
ristive behaviour, as corroborated by the electrical char-
acterization. The combination of electrical and structural
results thus demonstrate that SiAION exhibits similar
memristive properties to metal oxides or nitrides, where the
presence of oxygen and nitrogen vacancies plays a key role
in the switching between the distinct resistance states—the
VCM mechanism being responsible for their memristive
properties.
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4. Conclusion

SiAION-based MIS devices were fabricated, showing a mem-
ristive behaviour with a current density variation of more than
five orders of magnitude at Vi, = —0.5 V. Electrical transport
mechanisms in both resistance states were determined, the
devices exhibiting an ohmic behaviour at LRS and defect-related
Poole—Frenkel mechanism at HRS. The electroforming process
was found to generate some bubble-like features in the Al top
electrode, the observation of which by TEM suggests gas
eruption from the SiAION layer. In addition, a smaller feature
was also observed under the Al electrode, promoted by a pre-
cipitate at the Al/SiAION interface. EELS analysis determined
that the precipitate corresponds to SiAION, with its stoichio-
metry slightly modified—attributable in principle to O and/or
N3~ jon rearrangement. In order to determine which species—
oxygen or nitrogen—is responsible for the blue-shift of the
plasmon peak of the SiAION precipitate with respect to the rest
of the layer, core-loss EEL spectra were analysed, indicating that
both oxygen and nitrogen are involved in the diffusion process.
In summary, we have been able to observe directly, via electron
microscopy, how the resistive switching cycle applied on SiA-
ION-based devices modifies the structure of the latter dielectric,
demonstrating that a VCM-type memristive mechanism takes
place, which in turn makes this material an attractive alternative
to the exhaustively-studied metal oxides due to its potential
adaptability through modification of its composition.
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Abstract

Electron beam evaporation was employed in order to fabricate Al- and Tb-codoped Si oxide multilayers
via the delta-doping approach. This methodology permits the control of the rare-earth (RE) separation
along the growth direction with nanometric resolution. To investigate the control of the RE separation in
the growth direction, different SiO, thicknesses were studied. After deposition, the samples were
submitted to different annealing processes for 1 h in N, at temperatures ranging from 700 to 1100 °C.
Photoluminescence experiments reveal narrow emissions ascribed to Tb*™ ions in all samples, with an
intensity variation depending on the oxide thickness and annealing temperature. In addition, the
incorporation of Al under different spatial configurations produced an enhancement of more than one
order of magnitude in the photoluminescence intensity, in respect to the best sample without Al. Finally,
time-resolved measurements were carried out in order to determine the D, F; transition dynamics,
obtaining a decay time of ~1.6 ms ascribed to the Tb*" ions.

I. Introduction

During the last two decades, rare earth (RE)-doped oxides have been studied due to its narrow and intense
luminescence, becoming a good candidate for novel light-emitting silicon-based materials for
optoelectronic applications [1]. Many works have been reported on RE-doped SiO;, or Si-rich silicon
oxide [2-4]. A wide variety of deposition techniques, such as implantation [5] or thermal evaporation in
effusion cells [6], have been employed to fabricate these doped materials. Chemical synthesis-based
techniques like sol-gel have also shown a good optical performance [7]; however, the deposition control
and the incompatibility with planar technology suppose a drawback towards its integration into
electronics and photonics [8]. In addition, as it is well known, inter-RE ion distance is one of the most
important parameters in order to avoid clustering, which quenches the optical emission [9]. As a
consequence, most research is focused on deposition techniques that allow the inter-RE separation
control. In this work, we present the fabrication of Al- and Tb-codoped Si oxide multilayers by means of
electron beam evaporation (EBE). Via the delta-doping approach, an alternated deposition of nanometric
Tb (the dopant) and silicon oxide layers was achieved, thus obtaining a multilayer (ML) structure. This
permitted the study of the system luminescence yield as a function of the Tb layer separation along the
growth direction. Besides, the introduction of Al in the system was found to conveniently modify the b
environment, thus inducing a notorious enhancement in the system’s luminescence emission.

I1. Experimental details

The electron beam evaporation technique was used to fabricate Tb-doped silicon oxide (TSO) samples
onto crystalline (100)-Si substrate. The employed system was a PFEIFFER VACUUM Classic 500 with a
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Ferrotec GENIUS electron beam controller and a Ferrotec CARRERA high-voltage power supply. Prior
to deposition, the substrates were successively cleaned with acetone, isopropyl alcohol, ethanol and
distilled water, being agitated ultrasonically during each process. The delta-doping approach was used in
order to dope the SiO, matrix initially only with Tb® ions, alternatively depositing SiO, and Tb
nanometric layers. In this case, the multilayer (ML) consists of 15 x [Tb(0.4 nm)/SiOx(d)], being d the
nominal SiO; layer thickness, ranging from 1.0 nm to 3.0 nm. In order to protect the ML, two 10-nm
thick SiO, layers were deposited on the bottom and top of the ML (see Fig. 1).

10nm }*14

0.4nm
d sio,

10 nm

Fig. 1. Tb-doped SiO, (TSO) ML structure of samples, where d ranges from 1.0 to 3.0 nm.

The base pressure of the chamber was 1.6x10"° mbar and the substrate temperature was heated at 100 °C.
During the deposition, the nominal rates were 1.0 A/s and 0.2 A/s for SiO» and Tb respectively, being the
acceleration voltage 6 kV. Finally, annealing process was carried out at 700, 900 and 1100 °C in a N,
atmosphere for 1 h.

In order to study the influence of Al in the optical properties of Tb>*, new samples were fabricated by co-
doping the Si0, with Tb and Al (TASO). The Al was evaporated using an acceleration voltage of 10 kV
and keeping the other deposition parameters used for the Tb doping unchanged. Different layer
configurations were studied in order to find the best structure that results in the maximum Tb** emission.
These configurations consisted in depositing 0.8-nm-thick Al and 0.4-nm-thick Tb layers, either separated
by oxide (TASOl) or adjacent (TASO2). Two new samples were fabricated, doubling the Al
concentration by either depositing 1.6 nm of Al in a TASO! configuration (TASO3) or sandwiching Tb
layer between two 0.8-nm-thick Al layers (TASO4). The oxide spacer was fixed at 3.0 nm for TASO1
and TASO3, and reduced to 1.5 nm for TASO2 and TASO4, in order to keep a similar total inter-Tb layer
separation. Table 1 shows the four described configurations, repeated through the ML and keeping the
same number and thickness of Tb layers as in TSO samples for comparison.

Table 1. Summary of different unit ML structures for Tb- and Al- codoped samples and their thicknesses.
Samples consist of 15 unit ML structures.

Sample TASO1 TASO2 TASO3 TASO4
Unit ML structure Si0,/Tb/SiOx/Al Si0,/Tb/Al Si0,/Tb/ SiOy/Al Si0,/Al/Tb/Al
Nominal thickness (nm) 1.5/0.4/1.5/0.8 3.0/0.4/0.8 1.5/0.4/1.5/1.6 3.0/0.8/0.4/0.8
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Photoluminescence (PL) spectra were acquired exciting the samples with the 325-nm line of a He-Cd
laser, the resulting emission being collected in the visible range from 400 to 700 nm using a
photomultiplier tube coupled to a monochromator, and amplified with a standard lock-in system. The
laser excitation beam was mechanically chopped to determine the Th*" radiative lifetime, being the signal
processed using an Agilent infiniium DSO8064A oscilloscope.

I11. Results and discussion

PL spectra were acquired exciting the samples with the 325-nm line of a He-Cd laser and collecting the
emission in the visible range from 400 to 700 nm. Typical Tb*" spectra were observed coming from all
samples, with and without Al, which corresponds to the electronic >D,>F, transitions (i=3,4,5and6).
In particular, Fig. 3(a) shows the PL spectrum of the as-deposited TSO sample with d =2.2 nm, where the
four Tb*" transitions are clearly observed. In the case of the annealed samples, an additional wide
emission was observed that increases the background of the total emission throughout the visible range
(not shown in this figure). Depending on the annealing temperature, this broad emission is centered at
different wavelengths and presents different intensities. Fig. 3(b) summarizes the PL intensity of the
*D,>7F5 transition peak (542 nm) as a function of d, for all TSO samples and at different annealing
temperatures, without considering the background emission. Poor emission intensity is observed for
samples with ¢ < 1.4 nm. However, a clear increase of Tb®" emission intensity appears in the range
between d = 1.4 and 2.2 nm for all TSO samples. In the case of samples with a thicker spacing layer than
2.2 nm, the emission intensity is kept or softly decreases depending on the annealing temperature. It is
important to note that the annealing process basically increases the broad background emission, which is
related to the defects inside the oxide matrix [5], being the Tb®" emission of annealed samples
substantially lower than as-deposited ones.

18 T e T T @) 18 — T T T T
= - —o—as-deposited (b)
16 o 1 3 161 _o—700°C n 1
—~ 14l =] E ual 900 °C ]
3 denosited E —v=—1100 °C
& 12| as-deposite . ] = 12k b—g 1
2 40 d=22nm ] 3 10f J
[} 1 @)
< 7, sl 4
£ 3 o= F 1 z 0—o0—R
Y S : - s 6r 1
o i=6 4 2
o = I £ 4r & g—w. )
i=4 ] [ s ]
.l = ] g 2| m— V/ N
] of V~v— ]
400 450 500 550 600 650 700 1.0 1.5 2.0 25 3.0
Wavelength (nm) Si0, thickness, d (nm)

Proc. of SPIE Vol. 9520 95200K-3

109



3. Si-Based Materials for Optoelectronics and Resistive Switching

Fig. 3. (a) PL spectrum corresponding to the TSO sample with SiO, thickness of d = 2.2 nm in as-
deposited conditions. A diagram corresponding to the different *D,>F; (where i spans from 0 to 6)
transitions is also displayed. (b) PL intensity of the *D4=>’F; transition peak (542 nm) as a function of d
and at different annealing temperatures.

The abrupt variation of the PL intensity as a function of the SiO, spacing layer thickness could be related
to the Tb separation along the growth direction, which becomes a critical parameter to avoid clustering
[9]. The possibility to control this separation is one of the key factor in order to improve the number of
activated luminescent centers and, thus, to increase the efficiency of light emission. The broad PL band
observed in the annealed samples is typically ascribed to SiO, defects (oxygen vacancies and/or non-
bridging chemical bonds in Si-O) [2, 3, 5]. To be optically active, Tb*" requires a Cay symmetry (TbOs
conformation), similar to other RE ions in the same oxidation state (such as Er'* or Yb*") [10, 11].
Therefore, Th*" ions are very sensitive to the presence of surrounding defects, which constitutes a
drawback for their emission. In addition, the central position of this broad background emission varies
depending on the annealing temperature, which may indicate the activation of different defect
populations. The fact that the annealing treatment does not improve the activation of more Tb ions as
luminescent centers, being these already optically activated during the deposition process, confirms their
poor diffusion within the oxide and the role of matrix defects avoiding their optical activation.

The introduction of thin Al layers into the oxide matrix (TASO) was found to directly affect the Tb* ions
environment, leading to an increase of luminescence intensity and an improvement at high annealing
temperatures. Fig. 4 shows the visible spectra of TSO with d = 3 nm and TASO4 samples, both annealed
at 900 °C. A strong RE emission is observed for the co-doped sample compared to Tb-doped one, being
the enhancement of more than one order of magnitude. The broad background is also observed,
confirming the generation of defects when the active layers are thermally treated. However, this emission
is much weaker in comparison with the Tb*" electronic transitions. The study of the different layer
configurations of Al layers is summarized in the inset of Fig. 4, where the PL peak intensity at 542 nm is
represented as a function of all different TASO configurations, for as-deposited and annealed at 900 °C
samples. As it is shown in the inset of the figure, for TSO samples the annealing process does not
improve the RE emission, as previously mentioned. However, all TASO samples present a clear
improvement of luminescence once an annealing process at 900 °C is carried out. The best configuration
(in terms of PL emission yield) corresponds to TASO4, which consists of a Tb layer sandwiched between
two Al layers. This fact confirms that Al ions modify the surrounding environment of Tb*" ions,
generating non-bridging oxygen atoms (Al-O) and consequently enhancing the RE optical emission [12].
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Fig. 4. Comparison between PL spectra obtained from TSO and TASO4 with d = 3 nm, both annealed at
900 °C. The inset shows the 542-nm Tb peak intensity of as-deposited (black squares) and annealed at
900 °C (red circles) samples for the different layer configurations. The inset image corresponds to a
photograph of the emission of TASO4 sample annealed at 900 °C, also observed with the naked eye.

In order to study the PL dynamics of the ’D,>7Fs transition, time-resolved measurements were
performed by using the same excitation wavelength and mechanically chopping the excitation beam. Fig.
5 shows the time-resolved emission of the TSO and TASO4 samples annealed at 900 °C, once the laser
excitation is switched off. Both measurements reveal two single exponential decay times, suggesting
more than one optical centers are excited. The slow decay time (7;~1.6 ms) is the same for both samples,
which could be attributed to the decay time of Th*"ions in a proper C4y configuration. On the other hand,
the other faster decay times (z>~1.2 ms and 7,~0.6 ms) could be ascribed to cross-relaxation processes, as
observed under high RE ion concentration conditions [12, 13]. This effect is more evident for TSO
samples than in the case of TASO samples, as the samples without Al present a larger number of Tb
neighbors, which contributes to quench the emission. Moreover, the addition of Al ions also contributes
to have the Tb ion in a more favorable bonding configuration, making them optically active centers.
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Fig. 5.Time-resolved PL signal corresponding to TSO and TASO4 samplesannealed at 900 °C.
IV. Conclusions

Tb-doped SiO, samples were fabricated by means of the electron beam evaporation technique using the
delta-doping approach. A multilayer structure was achieved by alternatively depositing SiO, and Tb
nanometric layers. Al was also introduced to co-dope the samples, using different ML stack
configurations. An optimal SiO, thickness of 2.2 nm was found to avoid PL quenching effects in the
growth direction. A wide defect emission was observed for annealed samples, which is mainly attributed
to oxygen vacancies and non-bridging chemical bonds in Si-O. In contrast of Tb-doped samples, Al-Tb-
co-doped samples generate Al-O bonds when the samples are annealed at 900 °C, thus eliminating the
bridging oxygens and consequently enhancing the Tb*" emission intensity about one order of magnitude.
Time-resolved PL measurements reveal a slow Tb®" decay time of ~1.6 ms. However, slightly faster
decay times were also observed, especially in samples without Al, that were ascribed to cross-relaxation
processes. The introduction of Al decreases this effect, tending to generate one single Tb-related optical
center.
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Light emitting Al-Tb/SiO, nanomultilayers (NMLs) for optoelectronic applications have been
produced and characterized. The active layers were deposited by electron beam evaporation onto
crystalline silicon substrates, by alternatively evaporating nanometric layers of Al, Tb, and SiO,.
After deposition, all samples were submitted to an annealing treatment for 1 h in N, atmosphere at
different temperatures, ranging from 700 to 1100 °C. Transmission electron microscopy confirmed
the NML structure quality, and by complementing the measurements with electron energy-loss
spectroscopy, the chemical composition of the multilayers was determined at the nanoscopic level.
The average composition was also measured by X-ray photoelectron spectroscopy (XPS), revealing
that samples containing Al are highly oxidized. Photoluminescence experiments exhibit narrow
emission lines ascribed to Tb>* ions in all samples (both as-deposited and annealed ones), together
with a broadband related to SiO, defects. The Tb-related emission intensity in the sample annealed
at 1100°C is more than one order of magnitude higher than identical samples without Al. These
effects have been ascribed to the higher matrix quality, less SiO, defects emitting, and a better
Tb*" configuration in the SiO, matrix thanks to the higher oxygen content favored by the incorpo-

@ CrossMark
¢

Structural and optical properties of Al-Tb/SiO, multilayers fabricated
by electron beam evaporation

ration of Al atoms, as revealed by XPS experiments. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4964110]

I. INTRODUCTION

The production of efficient light emitting devices based
on silicon is of primary interest for the optoelectronic indus-
try, especially for application in optical sensors, panel, dis-
plays, and even for indicators and illumination.'™ In order to
achieve this goal, novel strategies have been employed. Such
is the case of the semiconductor materials doped with rare
earth (RE) ions, which have been widely studied due to the
narrow and intense luminescence they yield, aiming at a
wealth of applications.”™ Recently, excellent electro-optical
properties have been reported on III-V semiconductors as
host matrix for different RE ions, allowing for a suitable per-
formance as light-emitting devices.™ In addition, REs have
been employed to develop light-emitting silicon-based materi-
als for optoelectronic applications.'®!" With this aim, several
works have reported on RE-doped oxides such as SiO,, Si-
rich silicon oxid&:,'z'14 or Si-rich silicon oxynilride'S matrices
as potential candidates to become active layers in light-
emitting devices. The interest in determining the optical and
electronic properties of the different RE species lies in the
particular electronic structure they present, which allows engi-
neering the desired emission spectra of the active layer.
Among the different RE elements, erbium is one of the most
studied elements, given that its Er** oxidation state presents a
characteristic emission at 1.55um, which is suitable for
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oblazquez@el.ub.edu. Tel.: (+34) 93 4039176.

“Now at IMTEK, Faculty of Engineering, Albert-Ludwigs-University
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120, 135302-1

telecom applications.'® As well, terbium and europium are
interesting for their emission in the visible range, being green
and red emissions typically reported for, respectively, Th**
and Eu** ions."” Nevertheless, clustering of RE induces the
ions to become optically inactive, which notably drops their
emission efficiency. In the literature, and in combination with
Si0,, aluminum has been widely employed for dispersing RE
ions and thus allows for a higher RE incorporation without
clustering.'®1?

Different methods have been employed to combine
these materials, being ion implantation,'® thermal evapora-
tion in effusion cells,?® or plasma-enhanced chemical-vapor
deposition®' the most used ones. In a previous publication,
some of the current authors reported the fabrication of Tb
doped SiO, by means of chemical vapor deposition.*?
Other techniques such as sol-gel have shown a good optical
performance,”** but the difficulties for a controlled depo-
sition and the incompatibility with planar technology con-
stitute important drawbacks for the integration of RE in
electronic and photonic devices.” In this work, we focus
on electron beam evaporation (EBE), a physical deposition
method widely employed to metalize devices, but also to
grow layers from a wide range of materials, which include
semiconductors. The possibility to directly evaporate pure
elements and simple compounds without the need of com-
plex chemical reactions allows also for achieving controlled
deposition of thin films and reduces (or even eliminates)
their contamination. The most widely used method based
on EBE to combine different materials within a single thin
film is by using targets with mixed compounds and under a

Published by AIP Publishing.
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particular atmosphere. However, the electrical current
needed to properly evaporate the compounds can differ sub-
stantially and, therefore, their respective evaporation rates
are difficult to control. Despite this drawback, another way
to control the overall amount of the different elements takes
advantage of the sequential evaporation of different materi-
als from different targets, thus depositing consecutive nano-
metric layers of each of them (i.e., using the so-called
nanomultilayer (NML) approach), instead of trying to do it
during one single evaporation process. Therefore, this
approach can be used to combine RE layers of a few nano-
meters with a matrix material, hence allowing for a con-
trolled inter-ion distance in the growth direction. Finally, a
post-deposition thermal treatment is then required to induce
the optical activation of the ionic species, and thus making
the films luminescent.

In this work, we describe the fabrication and present the
structural and optical characterization of Al-Tb/SiO, nano-
multilayered thin films. To obtain this structure, Al, Tb, and
SiO, nanomultilayers (NMLs) were deposited using the EBE
technique on a Si substrate. Different electron microscopy
and high-energy spectroscopic techniques were used to char-
acterize the multilayer structure at the nanoscale, from which
the spatial distribution and binding structure of the different
involved species were obtained. The overall composition of
the NML structure has been determined by X-ray photoelec-
tron spectroscopy (XPS) measurements, which also allowed
gathering information about the Al effect on the Tb
environment. The influence of the annealing temperature and
the presence of Al atoms on the emission properties of Tb>*
ions were studied by means of photoluminescence (PL).
Finally, the study of the PL emission lifetime of the different
samples is discussed in terms of the Tb*" ions atomic envi-
ronment, as corroborated by structural techniques. Overall,
the study highlights the possibility of employing the EBE
technique, using the multilayer approach, to deposit optically
active rare earth-based thin films that can lead to several
optoelectronic applications.

Il. EXPERIMENTAL DETAILS

Thin films of Al-Tb/SiO, nanomultilayers were fabri-
cated by means of EBE technique onto crystalline (100)-Si
substrate, using a PFEIFFER VACUUM Classic 500 instru-
ment with a Ferrotec GENIUS electron beam controller and
a Ferrotec CARRERA high-voltage power supply. Before
deposition, substrates were cleaned with acetone, isopropyl
alcohol, ethanol, and de-ionized water, and agitated ultrason-
ically during each process. Nanometric layers of SiO,, Tb,
and Al were alternatively deposited. In this case, the NML
consists of 15 periods of Al/Tb/Al/SiO, layers with nominal
thicknesses of 0.8, 0.4, 0.8, and 3 nm, respectively, being this
configuration optimum for the optical activation of Tb>*
ions, as experimentally observed in a previous study.”® In
order to protect the stack from the following thermal anneal-
ing, two 10-nm SiO, layers were deposited at the bottom and
on top of the NML structure. To elucidate the role of Al, an
identical set of samples was also deposited with no Al in the
NML structure (Tb/SiO,), keeping constant the thickness of
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the Tb and SiO, layers (nominally, 0.4 and 3 nm, respec-
tively). In Fig. 1, the cross-section schemes corresponding to
both described structures are drawn.

Before the evaporation process, the base pressure in the
chamber was 1.6 x 10~ mbar and the temperature of the
substrate was kept at 100°C. The nominal deposition rates
were 0.2, 0.2, and 1.0 A/s for Al, Tb, and SiO,, respectively,
using an electron beam acceleration voltage of either 10kV
for Al or 6kV for Tb and SiO,. Once the deposition process
was completed, the layers were submitted to an annealing
treatment at temperatures of T, = 700, 900, or 1100°C in a
N, atmosphere for 1 h in a conventional tubular furnace.

A structural characterization of the cross-section NML
structure was carried out on the as-deposited Al-Tb/SiO»
sample by means of transmission electron microscopy
(TEM). The sample was prepared for TEM observation by
conventional mechanical polishing methods up to electron
transparency. Data were acquired using a JEOL 2010F
microscope, equipped with a Schottky field emission gun
and coupled to a Gatan imaging filter with 0.8 eV energy res-
olution. Chemical information was obtained from spatially
localized electron energy-loss (EEL) spectra acquired along
three periods of the NML (spectrum imaging). These spectra
were co-acquired with a high angular annular dark field
(HAADF) image in scanning mode (scanning-TEM, STEM),
which presents a contrast corresponding to different atomic
numbers. The energy-loss range was selected to be from
1000 to 2000eV, thus covering the core-loss edges for the
three elements of interest (Tb M4 and M5 edges, Al K edge,
and Si K edge). No information regarding the location of
oxygen could be attained due to the limitation in the energy
loss of the employed energy window (O K-edge is placed
around 532keV). Areal density maps for these edges were
obtained as an elemental distribution map of the multilayer.
XPS measurements were also carried out using a PHI 5500
Multitechnique System, to study the overall composition and
obtain information regarding the Al influence on the Tb-
related binding formation, in the annealed samples at the
highest temperature, with and without Al.

The optical emission properties of the NMLs were stud-
ied by means of PL spectra, exciting the samples with the

15%{_ sio,

FIG. 1. Sketch of the multilayer structures employed in the present work,
corresponding to 15 periods of (left) Al/Tb/Al/SiO, and (right) Tb/SiO,
layers, plus the 10-nm SiO, protecting layers at the bottom and on top of the
NML.
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FIG. 2. (a) HRTEM image of the as-deposited Al-Tb/SiO, sample. (b) EEL spectrum of an area along three periods of the multilayer. (c) Co-acquired HAADF
image of the same area and elemental distribution maps corresponding to each element of interest (Tb, Al, and Si) obtained from the spatially-resolved spectra.

325-nm line of a He-Cd laser. The resulting emission was col-
lected in the visible range from 400 to 700 nm using a GaAs
photomultiplier tube (PMT) coupled to a monochromator in a
lock-in configuration. In order to study the Tb** radiative life-
time, the laser excitation beam was mechanically square-
pulsed with a period of 20ms and 50% duty cycle (resulting
in a rise/fall time of ~300 us). The obtained PL signal from
the PMT was analyzed by a digital oscilloscope.

Ill. RESULTS AND DISCUSSION
A. Structural characterization

To inspect the correct deposition and fabrication of the
NML samples under study, their structure and composition
were determined by high resolution TEM (HRTEM) and
STEM-electron energy-loss spectroscopy (EELS) imaging,
respectively. The HRTEM image from the as-deposited Al-
Tb/Si0, sample exhibits an atomically-sharp interface of the
Si substrate with the deposited layer. Moreover, no crystal-
line domains are observed in any of the regions, which
implies that all layers are amorphous. In Fig. 2(a), a HRTEM
image is presented, which shows the correct deposition of a
nanomultilayer structure (different contrast corresponding to
different material phases), with a small degree of waviness.

The as-deposited sample was further analyzed by means
of HAADF and EELS spectrum imaging, in order to investi-
gate the chemical composition of the NML stack. In Fig.
2(b), an EEL spectrum for the sample under study along
three periods is presented. The spectrum clearly exhibits
core-loss edges of the three interesting elements (Tb M4 and
MS edges, Al K edge, and Si K edge). An HAADF image of
the same region was also taken, showing a clear difference
in contrast between adjacent layers. Since HAADF contrast
is sensitive to the atomic mass of the involved species, this
result reveals that different atomic species are preferentially
located within the NML stack, thus indicating their presence
in the NML structure. Actually, the brightest contrast, corre-
sponding to the heaviest atoms, is consistent with the spatial
localization of the Tb ions within the stack. The distribution
of the other present species, however, cannot be deduced
from the HAADF analysis; for this reason, an EEL spectrum
was co-acquired at each pixel in scanning mode. By mapping

the energy-loss intensity corresponding to each element
(after background subtraction), elemental distribution maps
of the different species were built from the spectrum image.
Fig. 2(c) shows the co-acquired HAADF image and the ele-
mental distribution map of the three elements of interest (Tb,
Al, and Si). It is clearly observed that the Si signal is spa-
tially isolated from the Tb and Al signals. This means that Si
is only located in the nominal SiO, layers, whereas Tb and
Al signals were found to come from the same region, homo-
geneously distributed in an Al/Tb/Al stack and with no evi-
dence of the nominal sandwiched structure, which implies a
certain degree of intermixing of this stack and, thus, mini-
mizing the possible Tb clustering. The overall result from
the structural characterization is the presence of two distinct
regions within our samples: one composed only by SiO, and
the other one containing a mixture of Tb and Al The
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FIG. 3. XPS spectra corresponding to the NML samples with and without
Al, acquired around the binding energies corresponding to Al 2p, Tb 4d, Si
2s, Si 2p, and O 1s bonds. (a) and (b) compare the presence of Al and Tb in
both samples, whereas (¢) and (d) focus on the stoichiometry of the present
SiO, on the capping layer (on top of the NMLs) and within the NML stack.
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measured thicknesses from both regions, as obtained from
the HRTEM images [see Fig. 2(a)], are 5 and 3 nm, respec-
tively for the SiO, and the AI-Tb layers, both thicker than
the nominal values (3 and 2 nm, respectively).

In order to accurately determine the composition of the
AI-Tb/SiO, structure and obtain information regarding the
Al effect on the binding formation around Tb ions, XPS
measurements at different depths were carried out on sam-
ples with and without Al and annealed at 1100 °C, by sput-
tering the layer with Ar™ ions. As the depth resolution is
around 5-10nm, an average value of the total composition
of the NMLs can be obtained. Fig. 3 exhibits the photoemis-
sion spectra obtained from the different elements within the
multilayers: Si, O, Tb, and Al. In addition, Figs. 3(c) and
3(d) also present the photoemission spectra of O and Si from
the top SiO, capping layer (the composition and stoichiome-
try of this SiO, layer could therefore be analyzed without
being influenced by the rest of the nanometric layers).

The photoemission spectra corresponding to energies
around the bound energy of Al 2p are displayed in Fig. 3(a).
A flat spectrum (i.e., no signal) is obtained from the Tb/SiO,
NMLs, whereas a clear contribution from Al is observed in
the spectrum from the Al-Tb/SiO, NMLs, evidencing that Al
is present only in the latter. Looking at the energy around the
Tb 4d bonds, between 140 and 165eV [see Fig. 3(b)], there
is a broadband that can be deconvolved into two different
contributions: one from Tb 4d (x147¢eV) and another from
Si 2s bonds (~152 eV). Their relative intensity is almost con-
stant in the two samples, although there are small changes in
their mean energy, probably associated with the influence of
Al to the NML structure, which specially affect the Tb
bonds. The energy window around Si 2p bonds (between 95
and 105eV) displays one peak at ~102eV [see Fig. 3(c)],
which broadens under the presence of Tb and Al-Tb.

The most interesting analysis, however, corresponds to
binding energies near 530 eV, related to O 1s bonds [see Fig.
3(d)]. Indeed, Fig. 3 displays the photoemission spectra of
the samples under study (Al-Tb/SiO, and Tb/SiO, samples)
around the mentioned binding energies well within the NML
structure (where Tb and Al ions are present), together with
the spectrum obtained at the first surface (which corresponds
to the SiO, capping layer, equivalent in both samples). On
one hand, the O Is peak at the surface oxide is narrow and
very well defined, peaking at around 532eV. On the other
hand, the O Is peak from the NMLs is clearly shifted to
lower energies and broadened, as the presence of Tb ions
influences the oxygen binding energy. Although we do not

J. Appl. Phys. 120, 135302 (2016)

rule out the possibility of having Tb-O bonds, which are
non-dominant and probably located only at the SiO,-Tb
interface, the Si-O binding energy is definitely affected by
the neighboring layers. Furthermore, the effect of Al can
also be highlighted within the NML, which induces a more
pronounced shift to lower energies and a larger broadening
of the O 1s peak. In fact, this larger broadening can be
ascribed to another contribution [see the deconvolution of
the bottom spectrum in Fig. 3(d)], which could be related to
Al-O, Tb-O, or a combination of both bonds (in agreement
with EEL results that point to an intermixing of Al and Tb at
the nanoscale).

Considering the cross-section ratio from each atomic
element, we have evaluated the average composition of the
layers from the relative areas. The deconvolution of the bind-
ing energy contributions was performed by fitting each of
them to one or two pseudo-Voigt functions. In Table I, we
present the values obtained for the two samples (with and
without Al), together with the values from the top SiO, cap-
ping layer as a reference. It is interesting to notice that the
SiO, on the surface (identical for both samples) is stoichio-
metric, within the uncertainty of our measurements (below
1%). The situation for the silicon oxide within the NMLs in
the sample with Al is much different: the oxygen to silicon
ratio is 2.7 (see Table I), which implies an oxygen excess of
23%. Due to the fact that the same process was employed for
depositing SiO, both on the surface and within the multi-
layers, a stoichiometric composition of the layers is expected
there also. Therefore, the layers containing Al and Tb might
have captured this extra oxygen, in agreement with the
observation of Al-O or Tb-O bonds in the photoemission
spectra around the O Is binding energy. Since aluminum is
easily oxidized,?” the most probable situation is having all
the Al atoms in the form of alumina (Al,O3). In that case,
and considering that the rest of the oxygen atoms are bound
to Tb ones, we estimate that there will be a minimum of 45%
of Tb atoms in the form of Tb,O5. Even though the possibil-
ity of having Al-Tb-O ternary compounds cannot be ruled
out'®!"” because Al and Tb atoms are homogeneously distrib-
uted in the Al/Tb/Al stack (as observed by TEM measure-
ments). For the sample with no Al, the situation is much
different: the oxygen-to-silicon ratio is exactly 2.0, indicat-
ing that no extra oxygen is added to the Tb layers. Actually,
Tb atoms are much less chemically reactive than aluminum,
which makes their oxidation difficult, taking into account the
low pressure employed during deposition. Thus, in this sam-
ple, only the Tb atoms at the interface might be bound to

TABLE 1. XPS peak positions, integrated areas under the curves, and evaluated atomic compositions of the top SiO, layer, and the Tb/SiO, and Al-Tb/SiO,

NMLs.
Si0, Tb/SiO, Al-Tb/SiO»
Si2p Ols Si2p Ols Tb 4d Si2p Ols Tb 4d Al2p
Peak position (eV) 103.3 531.8 101.5 530.8 147.4 100.7 528.8 146.2 72.5
102.0 531.0
Integrated area (a.u.) 246 31.94 5.76 29.01 222 4.46 30.20 1.29 1.31
Atomic content (%) 33 67 33 66 2 24 65 1 10
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FIG. 4. (a) PL spectra corresponding to Al-Tb/SiO, NML samples, submit-
ted to different annealing temperatures and excited at e, =325nm. (b)
Comparison of the PL spectra acquired from the NML samples with and
without the presence of Al, both annealed at 1100°C. All the spectra have
been normalized to the maximum PL emission (corresponding to sample Al-
Tb/SiO, annealed at 700 °C), thus keeping their relative intensity.

oxygen atoms from the adjacent SiO, layers. In conclusion,
the use of Al in the Al/Tb/Al stack favors the oxidation of
the Tb ions, which may have an important impact on their
emission properties.

B. Optical emission of Al-Tb/SiO, films

The optical emission properties of the samples contain-
ing Al and submitted to different annealing temperatures
were studied by means of PL by exciting the films with the
4 =325nm line of a continuous-wave He-Cd laser [see Fig.
4(a)]. For comparison purposes, we have also analyzed the
samples with no Al content [see Fig. 4(b)]. Please note that
the intensity from each sample has been normalized to the
one with maximum emission (the sample with Al and
annealed at 700 °C). There are some identical features that
can be observed in all the spectra that evolve with the
annealing temperature: four narrow and weak emissions and
a broadband centered around 550 nm. On one hand, the for-
mer features, i.e., the narrow emission peaks, have their ori-
gin in the electronic transitions of the discrete energy levels
from the Tb** ions. In particular, the observed peak posi-
tions at 488, 542, 586, and 622nm correspond to the
5D4~>7Fi electronic transitions with i =6, 5, 4, and 3, respec-
tively (see for instance Ref. 28). On the other hand, the addi-
tional broadband contribution is ascribed to SiO, defects
(oxygen vacancies and/or non-bridging chemical Si-O
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bonds).'>!31° It is interesting to follow the intensity evolu-
tion of these two different contributions, as observed in Fig.
4(a): the spectra show a sudden increase of the Tb-related
emission after the annealing treatment, together with the
increase of the defects band emission, favoring the optical
activation of both Tb>" ions and matrix defects. This latter
emission reaches its maximum at 700 °C and decreases again
for higher T,,,, whereas the emission from the Tb>* ions is
kept almost constant for the three different annealing treat-
ments. This evolution is linked to the nature of these two
contributions to the PL spectra, and both the absorption and
emission processes should be taken into account.

As we demonstrated by XPS, our SiO, films are stoichio-
metric, but most likely they do not reach the quality levels of
thermal SiO,. Therefore, we expect deep defect levels in our
material, an assumption that is supported by the observed
broad emission in the spectra. This emission is coming from
the absorption (and thus excitation) and subsequent relaxation
of defect states, and provides no emission when the amount of
non-radiative paths is too large (as happens in the as-
deposited sample); on the contrary, the emission enhancement
at higher temperatures is due to a reduction of non-radiative
defects while activating radiative ones (which, as observed by
PL, requires high annealing temperatures), reaching a maxi-
mum emission at 700°C; higher annealing temperatures
improve the long-range atomic ordering of the oxide matrix
(i.e., its structural arrangement),' consequently reducing the
overall presence of defects and thus decreasing their emission.
The situation is slightly different for Tb*" ions emission: in
this case, in order to excite optically active Tb>" ions, the
excitation energy must match the transition energy involving
the 5D4 electronic level (i.e., resonant conditions). When the
exact matching by incident radiation is not possible, the latter
may still be absorbed by the matrix and partially transferred
to the Tb>* ions (into the 5D4 electronic level) with the conse-
quent radiative decay to the 'F; levels that gives rise to the
observed PL. As no apparent energy level is found in Tb>*
species (see Ref. 29), the simple observation of those narrow
emissions evidences that the 325nm excitation (~3.8¢eV)
accomplishes the second case, i.e., a SiO, matrix absorption
followed by energy transfer to Tb>" ions, and a consequent
radiative decay. Therefore, the incoming photons on such a
material structure are expected to excite the intra-band gap
(defects-induced) electronic levels within the host SiO, matrix
and transfer that energy to Tb*>" ions.** Regarding the temper-
ature evolution of the Tb-related PL emission intensity,
annealing properly rearranges the local environment of Tb, so
that the REs become optically active; indeed, this is the reason
why a huge emission increase is observed after annealing at
700°C. Higher annealing temperatures do not substantially
improve the O environment of Tb, and hence no further Tb-
related PL intensity increase takes place, although, as already
discussed, they contribute to the reduction of the emission
from SiO, defects.

When comparing the emission of samples annealed at
1100 °C with and without Al [see Fig. 4(b)], one can observe
a dramatic intensity reduction from Tb-related emission,
which evidences that Al doping induces a higher optical acti-
vation of Tb*" ions. Indeed, this pattern is repeated under all
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FIG. 5. Normalized time-resolved PL of Al-Tb/SiO, samples at 542 nm,
both as-deposited and led at different p

other annealing conditions (not shown). Actually, XPS anal-
ysis has demonstrated that the presence of Al propitiates the
NML oxidation, having an extra 23% of O atoms inside the
Al-Tb layers. Thus, the inclusion of Al atoms contributes to
the oxidation of the Tb atoms environment, some of them
easily reaching the 3+ oxidation state while at the same time
contributing to improve the stoichiometry (and the quality)
of the deposited SiO,. These facts are supported by the PL
observations, which evidence that the presence of Al contrib-
utes to improve the optical activation of Tb*" ions, whereas
a high T,,, notably reduces the emission from the matrix
defects (also compatible with a better SiO, quality).

To complement the information provided by the spec-
trally resolved PL measurements, the emission dynamics of
the samples was also investigated by analyzing the PL emis-
sion decay, monitoring the 5D4—>7F5 transition (4= 542nm).
For this, the He-Cd laser was mechanically square-pulsed
with a period of 20ms, allowing for a time resolution of
around 0.3 ms. In Fig. 5, the PL emission decay curves of the
Al-Tb/SiO, samples are displayed just after the laser excita-
tion is cut, for the different annealing temperatures. Please
note that the monitored wavelength presents a high contribu-
tion of defects to PL emission; however, since defects in SiO,
typically exhibit decay times faster than 100ns (because of
high population of non-radiative centers),”' the following
analysis on the (slower-lifetime) Tb-related PL decay is not
affected by this occurrence. In the case of the as-deposited
sample, a single exponential function was employed to adjust
the data, obtaining a good fit that revealed a decay time of
Tgecay = 0.5 ms. This value, although in good agreement with
reported values in the literature on similar systems, is still too
close to the time resolution of the setup, so that further conclu-
sions are prevented in this work. After the annealing process,
the measurements exhibit a different behavior consisting of
two different decay times, a first fast decay (ty) followed by a
slower one (t), as can be observed for the samples with
T'ann =700 and 900 °C. A two-exponential fit was used to esti-
mate both lifetime values, thus obtaining values slightly lon-
ger than for the as-deposited sample (and markedly longer
than the setup time resolution), 7y=1.2ms and 7= 1.7 ms.
Finally, emission corresponding to the sample annealed at the
highest temperature, T,,, = 1100 °C, exhibits only one decay
time, which corresponds to the longest (t5) one observed in
the intermediate-temperature annealed samples. It should be
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mentioned here that the sample without Al (not shown in the
figure) presented a decay time of around 0.6 ms, similar to the
as-deposited sample; this indicates that the contribution of Al
to Tb>" emission only takes place after the annealing
treatment.

The two different decay times revealed at low annealing
temperatures (700 and 900 °C), associated with the recombi-
nation lifetime within the rare earth ions, indicate that there
are Tb*" ions in two different optically active spatial config-
urations.”**? As the annealing temperature increases, the
faster decay time becomes longer until it reaches the slower
one and only one decay time is observed (t;~1.7ms). In
fact, different recombination lifetimes are ascribed to a dif-
ferent combination of radiative and non-radiative processes
taking place within the material system (Tb ions and matrix
defects); in this frame, the increase of Tgecay after increasing
the annealing temperature can be associated with a reduction
of non-radiative processes.’> Actually, Tb>" requires a Cuy
symmetry (a TbOg conformation) to be optically active, as in
the case of other RE ions in the same oxidation state (such as
Er*" or Yb**).3*3® This occurrence, bearing in mind the
multilayer structure, can take place at the interfaces between
the Al/Tb mixed stack and the SiO, sublayers, although the
possible diffusion of oxygen from the SiO, sublayers to the
Al/Tb stack cannot be discarded; this argument also holds
for the samples containing no Al. The fact that Tb** ions are
very sensitive to the presence of surrounding defects consti-
tutes a drawback for their emission. Both the high tempera-
ture annealing and the introduction of Al in the samples
modify the environment of Tb>* ions by eliminating defects
(mainly oxygen vacancies), generating non-bridging oxygen
bonds (Al-O), and reducing the Tb-Tb cross-relaxation pro-
cesses,”® similarly to the case of Eu’* in AlL,O3-Si0, sys-
tems,”” consequently increasing the luminescence lifetime
and thus the total emission yield from Tb** ions. This frame
is also in agreement with the higher rate of active RE under
the presence of Al, as suggested by the larger excitation
cross-section of the Al-Tb/SiO, multilayers. Indeed, the lat-
ter statement can be correlated to the binding structure modi-
fication undergone by Tb-doped NML when introducing Al,
as supported by the XPS analysis.

The discussion and stated hypotheses within the present
work, although in reasonable agreement with the presented
experimental results, should be supported by a further anal-
ysis focusing on the local environment of Tb*>* ions.
Nevertheless, we have shown here that, by using the EBE
technique to directly deposit Tb and SiO, multilayers, we
can achieve active Tb>* ions within a Si0, matrix, and that
we can strongly enhance their emission yield by introducing
Al atoms in a controlled manner within the multilayer sys-
tem. As a consequence, this system can be considered for
future optoelectronic applications requiring visible light
emission (such as light-emitting devices) or discrete and
coherent emission energies (RE-based lasing systems).

IV. CONCLUSIONS

Al-Tb/SiO, multilayers were fabricated by means of
electron beam evaporation by alternatively evaporating
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nanometric SiO, and sandwiching the Tb layer between two
Al layers. The resulting nanostructures were submitted to
different annealing temperatures. A structural characteriza-
tion of the samples was carried out via TEM, which con-
firmed the deposited NML structure. A chemical analysis of
the composition at the nanoscale by means of HAADF and
EELS showed that Tb and Al thin layers are homogeneously
mixed and adequately separated by the SiO, layers. XPS
measurements were also performed on samples with and
without Al, indicating that the presence of Al modifies the
binding structure of O Is orbitals, probably inducing a rear-
rangement of the Tb oxygen environment. The PL spectra of
all samples exhibit narrow Tb*>" ions- and broad defects-
related emission, whose relative yield varies with the tem-
perature of the post-deposition annealing treatment and the
presence of Al. A study of the PL decay time showed two
different values in annealed samples containing Al,
7¢=1.2ms and 7, = 1.7 ms, which evidences that two differ-
ent atomic arrangements might exist surrounding the RE
ions. The above mentioned results were discussed in terms
of the environment of the REs under different conditions: the
introduction of Al generates Al-O bonds when the NML is
annealed, eliminating the bridging oxygen atoms and
enhancing the Tb>* optical activation, consequently improv-
ing the PL emission intensity of REs by more than one order
of magnitude. The above discussed experimental results evi-
dence that the combination of electron beam evaporation
with a multilayer approach becomes an appropriate method
for the fabrication of luminescent Al-Tb/SiO, NMLs, which
can be applied in the field of visible-light emission optoelec-
tronics and lasing.
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Green Electroluminescence of Al/Tb/Al/SiO, Devices
Fabricated by Electron Beam Evaporation
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Sonia Estradé, 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
can also contribute to
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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 +3 due to the loss of one
4f electron and the two 6s electrons. These

port. The electrol y also

ics as integrated light-emitting devices.
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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

). L. Frieiro, O. Blazquez, Dr. ). Lopez-Vidrier, Dr. L. Lépez-Conesa,
Dr. S. Estradé, Prof. F. Peir6, Dr. J. Ibdnez, Dr. S. Herndndez,

Prof. B. Garrido

MIND-IN?UB, Department of Engineering: Electronics Universitat de
Barcelona, Marti i Franques 1, E-08028 Barcelona, Spain

E-mail: shernandez@ub.edu

Dr. J. Lopez-Vidrier

IMTEK, Faculty of Engineering Albert-Ludwigs-University, Georges-
Kahler-Allee 103, D-79110 Freiburg, Germany

Dr. J. Ibdnez

Institute of Earth Sciences Jaume Almera ICTJA-CSIC, Lluis Soler i
Sabarfs s/n, E-08028 Barcelona, Catalonia, Spain

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pssa.201700451.

DOI: 10.1002/pssa.201700451

Phys. Status Solidi A 2017, 1700451

124

Tb*" ions, a promising result to include this material in future optoelectron-
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elements have luminescent properties
resulting from the intra-4f transitions
(almost independent of the matrix) or 5d-
to-4f ones (sensitive to the matrix).”!

Erbium has been studied as dopant of
different films like silica (SiO,), yielding
emissions in the infrared part of the
spectrum (~1535nm) when in an Er*" oxidation state, which
makes it very useful for optical fiber telecommunication
systems.’®?! Other REs have been researched for their emission
in the visible range, such as Ce**,® Tb** "% and Eu**+;" in
the blue (460 nm), green (543 nm), and red (615 nm) parts of the
spectra, respectively. In the Figure 1, the electronic levels,
energies and transitions for a particular RE species (Tb*>* 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 SiO,, 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 p-type Si substrate. The films used for
the structural and optical characterization consist of 15 x Al/Tb/Al/
SiO;, layers, ending with a SiO, layer that serves as protection. For the
electrical characterization, 5 x Al/Tb/Al/SiO, layers were fabri-
cated, also 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

from
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Figure 1. Electronic transitions of Tb>*, taken from Ref. [13].

transparent conducting oxide (TCO). The average composition of
the nanomultilayers was assessed by using X-ray photoelectron
spectroscopy (XPS). Different techniques were employed to
determine the optical properties of the Tb-films, such as PL and
cathodoluminescence (CL). The electrical properties were studied
through the different I(V) curves obtained. Finally, the electrolumi-
nescence (EL) of the NMLs was also measured in the accumulation
regime. The results suggest the possibility of employing EBE for the
fabrication of RE-doped materials that can be introduced into
devices for optoelectronic applications in the future.

2. Experimental Section

Different combinations in nanomultilayer structures for SiO,, Al
and Tb were tested in a previous study, in order to achieve the
optimal configuration for the optical activation of the Tb**
ions."*2% All test samples and the ones here employed were
fabricated by electron beam evaporation, and deposited on top of
p-type Si substrates, which were cleaned with acetone, isopropyl
alcohol, 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
VACUUM Classic 500 chamber with a Ferrotec GENIUS electron
beam controller and a Ferrotec CARRERA high-voltage power
supply. The base pressure in the chamber was 1.6 x 10~° mbar and
the temperature of the substrate was kept at 100°C. Acceleration
voltages were 6kV for SiO, and Tb, and 10kV for Al, with
deposition rates of 1.0, 0.2, and 0.2 As ™", respectively.

The samples for the structural and optical characterization
consisted of 15 stacks of Al/Tb/Al/SiO,, with two 10-nm layers of
SiO, before and after them to prevent any atomic diffusion from
or to the nanomultilayers. The nominal thickness of the Al, Tb,

Phys. Status Solidi A 2017, 1700451

1700451 (2 of 6)

Www.pss-a.com

and Si0, layers were 0.8, 0.4, and 3 nm, respectively (see Figure 2
(a). After deposition, the samples were submitted to an
annealing 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
electron microscopy (TEM) is shown, where the nanometric
structure can be clearly seen: the bright layers with a thickness of
5nm correspond to SiO,, whereas the dark ones, with a
thickness of 3nm, are a stack of Al-Tb, as demonstrated by
electron energy loss spectroscopy.”” As revealed by the TEM
image, this stack serves as delta doping system of Tb in a SiO,
matrix, allowing for obtaining nanometric separation between
the different Tb layers, while isolating them in the growth
direction and thus reducing possible clustering effects.

For the electrical and electro-optical characterization, new
samples were fabricated consisting for 5 stacks of Al/Tb/Al/SiO,,
also annealed at 1100°C in N, atmosphere for 1 h. After annealing,
indium tin oxide (ITO) electrodes were deposited on top of the
multilayers using a shadow mask, with circular shape with a radius
0f 200 um, and subsequently annealed at 600°C in N, atmosphere
for 1h. Finally, a full area Al metallization was performed on the
backside of the Si substrate for defining the bottom contact. This
structure is schematically shown in Figure 2(c).

To determine the overall composition of the deposited films,
XPS measurements were carried out using a PHI 5500
Multitechnique System, thus obtaining information regarding
the Al influence on the Tb-related binding formation.

Photoluminescence measurements with two different excita-
tion energies were employed for determining the optically active
emission from Tb*? 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 Tb*>" 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 photomultiplier tube (PMT) coupled to a
monochromator in a lock-in configuration. For the acquisition
of CL spectra, a JEOL JSM-7100F scanning electron microscope
coupled to a monochromator and a GaAs PMT was employed. In
ordertoavoid damage on the surface, a defocused electron beam of
80 nA, accelerated at 2 keV, was used for the measurements.

Electrical characterization of the samples was done by two
contact measurements with an Agilent B1500 semiconductor
device analyzer and a Cascade Microtech Summit 11000 probe
station using a Faraday cage. The back-contact was grounded
through the chuck, whereas the top ITO-contact was swept from
—15 to 15V, with steps of 50mVs L

Emission from the sample obtained through electrolumines-
cence (EL) was collected with a Seiwa 888 L microscope. Whereas
the integrated emission was recorded using the same GaAs PMT
employed in the PL measurements, the spectral emission was
captured by means of Princeton Instruments LN-cooled charge-
coupled device via a 1/4m Oriel monochromator.

3. Results and Discussion

Measurements performed by XPS allowed determining the
composition and the effect of the presence of Al atoms
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Figure 2. a) Sketch of the nominal deposited structure for structural and optical characterization purposes. b) HRTEM image of the deposited
nanomultilayer structure. c) Sketch of the nominal deposited devices employed in the electrical and electro-optical characterization.

surrounding the Tb ions. In Table 1 we have summarized the
obtained results. Whereas the sample with no Al showed
stoichiometric SiO,, the sample containing Al showed an
increase of the oxygen content. Thus, this observation implies
that, on one hand, the Tb ions in the sample with no Al may be
bound to other Tb ions or dangling bonds from SiO,, and, on the
other hand, the sample with Al exhibits an oxygen excess that
should be located in the Al/Tb/Al stack (the SiO, in the whole
sample is stoichiometric). As aluminium is much more
chemically reactive than terbium, the oxygen excess in the
sample with Al is more likely to be bound to Al forming alumina
(A1,03). In order to have a minimum quote of the amount of 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; (ii) all the Al atoms are in the form of alumina
(Al,03); and (iii) the remaining O content is bound to Tb atoms.
Under these assumptions, and considering the atomic content in
the Al/Tb/Al/SiO, sample (considering the whole film), we
found that at least 45% of the Tb ions are in the form of Tb,0s.
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 first
characterized by means of PL. Two different excitation lines were
employed: a non-resonant excitation using A=325nm and a
resonant excitation with 1=488nm (see Figure 3).'” 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
itis close to the excitation wavelength. These emission bands are
a consequence of the intra-4f electronic radiative transitions
within Tb** ions (*Dy — ’Fj, with J=6, 5, 4, and 3).7"%
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 compositions for the Tb/SiO, and
Al/Tb/Al/SiO, NMLs.

Atomic content (%)

Si o Tb Al
Tb/Si0, 33 65 2
Al/Tb/AI/SiO, 2 65 1
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beam of 2 keV, which allows an effective direct excitation of the
Tb species by impact excitation. Figure 3 shows the emission
spectrum collected with the characteristic peaks of Tb*" at 489,
544, 587, and 624 nm. These emission bands correspond to the
D, — ’F) transitions as previously described. Blue emission
bands also appear in the CL spectrum, corresponding to
°D; — 7F (J =5 and 4) transitions, with peaks at 415 and 437 nm.
All these results are in good agreement with others found in the
literature (see Ref. [21]).

The most intense emission at 544nm in both PL and CL
spectra corresponds to the green visible range, and it is split into
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 the nanomultilayered deposition of different materials,
produce optically active Th*>* species, emitting in the green
spectral region.

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

—— PL (488 nm)
—— PL (325 nm)
——CL (2 keV)

Intensity (arb. units)

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 contacts as the current increased to mA.
The curves show an almost symmetric behavior for both
regimes, indicating non-rectifying characteristics.

As shown by structural characterization, the device is
composed by layers of SiO, 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 obtained when considering an
electrode-limited conduction mechanism based on Schottky
emission. 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
field the barrier can be lowered, easing the emission. This
process can be modeled as:

4mm* [0}
oy = I UG T ep( - 2 ) ew((E00) )

where @g is the potential barrier height in (eV), g the elementary
charge, E the applied electric field, kgT the thermal energy, h the
Plank’s constant, m" the effective mass of electrons, and f is
defined as:

@)

where & and ¢ are the absolute and relative permittivity,
respectively.??)

The fitting of the experimental (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 T 4 1E4
5 s} ()
] g
z w7
g ATOASO,
3 "®*[ / —expenmental seta
2 d T e ~— Scholtky emission fit
; 1E10
13 1 2 3
£ W)
S B
9 1E4
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o o  Current e
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e G 1810
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Voltage (V) st

Figure 4. a) I(V) curve of a device containing Al/Tb/Al/SiO, 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 Al/Tb/Al/SiO, multilayers. c) Comparison of the I(V)
curves of a devices containing Al/Tb/Al/SiO, and containing Tb/SiO,
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
emission fitting best the data, because electrons must overcome
the potential barrier generated by the AlOy layers, as it has been
previously reported.!*?)

The I(V) characteristic of an identical device but without Al
(Tb/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 slightly 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 is also slightly different. Checking the conduction
mechanisms, both curves follow a Schottky emission 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 I(V) characteristic. Actually, the -electrical
conduction through the SiO, barriers should be identical for
both devices, just being different through the Al/Tb/Al 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 Tb** ions, which can be de-excited by
emitting their excess of energy in the form of light. No emission (or
very weak) was found for the devices with no Al, which is in good
agreement with PL measurements (see Refs. [19] and [20]). The
total integrated emission collected by the PMT is shown in Figure 5
(a) 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 placeis 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
emission 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 (i.e., 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 30s, applying —100 uA 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.
Whereas the former features correspond to D4 — ’F transitions
(with J =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/SiO; structure, obtained in
accumulation, as a function of a) voltage and b) current, represented in

absolute value.

originated in the deep defects in either the SiO, or the ITO
contact.

Another interesting observation is the fact that there is an
intensity reduction of the Tb emission at successive measure-
ments, reaching total quenching of Tb emission beyond the fifth
one (please see spectrum labeled as measurement #6 in Figure 6,
where only the background contribution is observed). In order to
study this effect, the time evolution of the ELand the applied voltage
has been simultaneously monitored ata constant current, this time
using a different (i.e., pristine) device (but virtually identical). The
results 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 resolution (voltage
also increases). Both EL and applied voltage remain constant for
about 30 s,immediately after which thereis a slight reduction in the
voltage, together with a sudden reduction of the EL emission. For

longer times, the device becomes even more conductive, inducing
the total quenching of the device EL emission.

This EL quenching and voltage reduction could be related to
some atomic rearrangement after high electron flux is injected.

10000 T T T T T T
—— Measurement #1
8000 | ——Measurement#2
N Measurement #3
T —— Measurement #4
3 Measurement #5
g 6000 - —— Measurement #6 |
&
E
7}
E 4000 1
£
—
w
2000 (- q
0 i . L L N
400 500 600 700 800 900 1000 1100

Wavelength (nm)

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/Al/SiO, multilayers, at a constant current of 100 pA.

Indeed, it has been observed in oxide matrices that, under
certain excitation conditions, a displacement of oxygen atoms
takes place.?*?*) This, in turn, induces both the creation of
alternative (oxygen vacancies-related) conduction paths and the
probable reduction of Tb-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, making this material a potential candidate for
future optoelectronics applications, in particular as integrated
light-emitting devices.

4. Conclusions

Al/Tb/Al/SiO, nanomultilayers have been fabricated by electron
beam evaporation, alternatively depositing each layer. Optical
characterization by means of PL and CL showed that Tb** ions
are optically active. Electrical characterization allowed inferring
that the conduction mechanism governing the structure is a
Schottky emission model, although thermal activated mecha-
nisms cannot be discarded. The threshold voltage and current
for EL to take place were determined by integrated EL
measurement. As well, the spectral distribution of EL is related
to a combination between Tbh*" ions and matrix defect-related
emission. The hereby presented results prove that the
combination of electron beam evaporation and nanomultilayer
structures are useful to obtain luminescent Al/Tb/Al/SiO, light-
emitting systems.
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4. Materials for Optoelectronics
and Resistive Switching

“The difference between stupidity and
genius is that genius has its limits”

Albert Einstein

Beyond Si-based materials, which have demonstrated good electro-
optical properties, other materials have been explored to be employed
in optoelectronics, being metal oxides among the most interesting
ones. One of the most studied metal oxides is ZnO, which presents
excellent electrical and optical properties due to its high versatility.
Depending on the growth condition, ZnO can become intrinsic, p-type
or n-type. This possibility, together with its non-toxicity and
abundance, opens its applicability as RE host matrix or electrical
contact. Moreover, the optical transparency that presents in the visible
range is suitable to be employed as TCO as well. Similar to Si-based
materials, described in the Chapter 3, the resistive switching
properties of ZnO are presented, completing the characterization of
the material. In this Thesis, ZnO layers have been employed as both
host matrix of RE luminescent centers and as TCO for the EL of Si-
NCs embedded in SiO2 matrix. Therefore, this chapter is divided into
two subsections, depending on the function of the ZnO layer. In both
cases, electro-optical and resistive switching properties are presented,
being some results published in international peer-reviewed journals.

4.1. Tb- and Eu-doped ZnO

In this subsection, the study of ZnO doped with different REs has been
presented as result of a collaboration with UNICAEN. In order to
achieve device structure with well-insulated devices, SiO> windows
were initially opened onto the p-type Si wafers at CNM. After this
process, active layers were deposited at UNICAEN, consisting of ZnO,
Th-doped ZnO, Eu-doped ZnO and Th:Eu-doped ZnO. These layers
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were grown by means of RF sputtering, using Th4O7 and Eu.O3 targets
as dopants, and a ZnO target for the host matrix. After the deposition,
samples were annealed at 450 °C for 1 h in an argon atmosphere.
Finally, ITO was deposited (at CNM) as top electrode and aluminum
in the rear side of the substrate.

The optical characterization via PL was carried out at UNICAEN,
exciting the samples with a 450-W Xenon lamp and collecting the
resulting PL emission using a Horiba Spectrofluorometer Fluorolog.
The electro-optical characterization was performed in the EL
laboratory of the research group in Barcelona, using the system
described in the Section 2.5.1. Electroluminescence Spectroscopy.

4.1.1. Optical and Electro-Optical Properties

The first study consisted of the optical characterization of the material,
analyzing the PL spectra of samples. In the Figure 4.1(a), the spectra
of all samples are represented. Undoped ZnO presented two features
related to the band-to-band emission around 380 nm and defects of
the ZnO around 590 nm, as expected. In the case of Th-doped ZnO
samples, four narrow features appear, which can be attributed to the
SD,—Fi (i = 3, 4, 5 and 6) electronic transitions of the Th*"ions.
Similar results were obtained for Eu-doped ZnO, but presenting a
peak around 615 nm, ascribed to the °Do—F» electronic transition of
Eu®* ions. The RE emission observed in both cases confirms that REs
are optically active, presenting a decrease of the defect-related
emission. In the case of the co-doped sample with both Tb and Eu
ions, no emission of Tb®" is obtained, being the peak at 620 nm the
only feature, which is related to the Eu®* emission. However, an
enhancement of this Eu* emission is observed when the sample is co-
doped with Tb ions as well. Other similar studies, reported in the
literature, have determined the origin of this behavior. Park et al.
observed energy transfer from Th% to Eu®* ions in gadolinium
aluminate garnet (GdsAlsO12, GAG) doped with different REs, being
the probability of this transfer strongly dependent on the concentration
of Eu* [121]. These results agree with the ones observed in the hereby
presented work. The excited 5Dy electronic level of Th** can transfer
the energy to Eu®" via the °Ds—'Fe relaxation (~2.5 eV). This energy
is close to the corresponding energy of the ‘Fe—°Ds electronic
transition of the Eu®* (~2.3 eV), being the energy transfer very
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Figure 4.1. PL spectra of undoped ZnO, Tb-doped ZnO, Eu-doped ZnO and Th-
and Eu-codoped ZnO. (b) Scheme of the energy transfer mechanism from Th3+
ions to Eu3+ ions. Solid arrows represent the radiative transitions, while dashed
ones the non-radiative transition [37].

efficient. After the non-radiative relaxation to the °Do electronic level,
the radiative °Do—'F> relaxation takes place [see Figure 4.1 (0)][37].

These results motivated the further exploration of the electro-optical
properties of the RE-doped ZnO. First of all, the 1(V) characteristics
were analyzed, obtaining similar curves for all samples. The Figure
4.2(a) represents the current density as a function of the applied
voltage. A clear rectifying behavior can be observed in all devices,
due to the N-1-P design. In accumulation regime (V<0), undoped ZnO
exhibits more conductivity than doped samples, being the ZnO co-
doped with both REs the least conductive. As it is well known, the
introduction of REs into a semiconductor reduces its conductivity; in
the case of ZnO, the presence of REs influences directly on the grain
boundaries, tending to form aggregates and thus destroying the grain
boundary structure [37].

The next study consisted of the EL analysis. In this case, the largest

devices (area of 0.92 mm?) were employed to maximize the acquired
emission signal. The Figure 4.2(b) plots the integrated EL intensities
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Figure 4.2. (a) J(V) characteristics of undoped ZnO and doped ZnO with Tb,
Eu, and both REs. (b) Integrated EL of samples versus applied voltage. (c) and
(d) represent in log-log the integrated EL intensity as a function of current
intensity in accumulation and inversion, respectively ion.

of devices as a function of the applied voltage. The threshold voltage
is observed in both regimes, showing a lower absolute value in
accumulation regime (-3 V) than in inversion one (+5 V). In the case
of the sample co-doped with both Th and Eu, an important reduction
in EL intensity is observed. This could be attributed to a poorer
excitation of the luminescent centers when a larger concentration of
RE ions is present, this EL quenching being due to either a larger
amount of induced defects or to enhanced clustering. In Figure 4.2(c)
and Figure 4.2(d), this integrated EL intensities are plotted as a
function of the injected current in accumulation and inversion
regimes, respectively. Similar EL yield was found for undoped ZnO,
Th-doped ZnO and Eu-doped ZnO devices in both accumulation and
inversion regimes, presenting threshold currents for EL around 107
A. However, the case of the codoped sample is particular, since it
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Figure 4.3. EL spectra of (a) undoped ZnO, (b) Th-doped ZnO, (c) Eu-doped
ZnO and (d) Tb- and Eu-codoped ZnO at different injected current in
accumulation regime (V<0). Whereas narrow peaks are related to the RE
emission, the broad ones are ascribed to the emission of the defects of ZnO.

presents a lower threshold current (10 A) for EL in accumulation
regime, but a lower one (2x10~% A) in inversion regime.

In order to better determine the origin of these EL emissions, spectra
were acquired with a CCD for 30 s and under different injected
currents (see Figure 4.3). In all samples, a broad emission background
was detected, ascribed to the optically-active defects within the ZnO,
be it intrinsic defects or induced by RE ions doping. Different
behaviors were observed depending on the current injection regime.
In all cases, the defects-related matrix emission intensity increases
with current, being the dominant emission. It is important to note that
Eu-doped device requires less current to activate the RE emission than
Th-doped one, thus exhibiting a higher EL efficiency. As well, and

135



4. Materials for Optoelectronics and Resistive Switching

) )
c c
= >
£ £
S )
2 2
‘D ‘D
c c
) 2
£ £
-l -
w w
.0 ST 0.0 i . ; .
400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)
1.0 T T T T T T T T
— [ —o5mA  Tb-Eu:znO L — s, _
@ 09p——0oma u:zn (c) - 50 ——soma (d)
g 0.8} 15mA = 15.0 mA
—2.0mA L
S 07 zsma 340
S 0.6F——30m 3 Th-Eu:zn0O
— 5.0mA — 30} :
2 osf >
%) ‘@
g 04 & 20}
£ 03} E
= 0.2f o 10} /\ 1
wl n
0.1 v L\
- : 0
400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 4.4. EL spectra of (a) Th-doped ZnO, (b) Eu-doped ZnO and (c) Th- and
Eu-codoped ZnO at different injected current in inversion regime (V > 0). (d)
Strong enhancement of EL emission of co-doped ZnO sample, showing a
degradation of the RE emission at higher injected current.

analogous to what was observed in PL, the co-doped sample presents
no Th®" emission.

In general, RE emission could only be observed in accumulation
regime, increasing its EL emission when the current increases (until
being quenched at large enough currents). In Figure 4.4(a,b,c), the
spectra in inversion regime of Th-doped ZnO, Eu-doped ZnO and
Th:Eu-doped ZnO are represented, respectively. As it can be seen, no
presence of RE emission is observed in the two first samples, being
the defects-related emission of ZnO the only contribution. However,
in the case of the co-doped sample [Figure 4.4(c)], a feature around
615 nm can be observed, which increases with the injected current.
This peak could be ascribed to the typical radiative >Do—'F transition
of Eu®* ions, similar to the one observed in PL. This sample also
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Figure 4.5. (a) Photography of co-doped devices under high injection current,
where an intense dotted-shape EL can be observed close to the edges of the
device. (b). EDX map of Zn corresponding to the co-doped samples. The image
shows the non-abrupt edge of the device responsible of the generation of hot
electrons via tunneling the SiO; toward the RE-doped ZnO active layer, exiting
efficiently the luminescent centers.

exhibits the emission of the ZnO defects, scaling with the injected
current. Remarkable results were obtained when the injection current
increased to 10 mA. Figure 4.4(d) shows the EL spectra of the same
devices, presented in Figure 4.4(c), corresponding to injected current
of 5 mA, 10 mA and 15 mA. A clear increase of two orders of
magnitude in EL emission was observed at 10 mA with respect to the
corresponding one at 5 mA, being the Eu®* emission the main
contribution. This abrupt enhancement corresponds to an increase of
the EL emission efficiency and confirms that the excitation
mechanism takes place via electron impact. However, further
increasing the injected current, until 15 mA, the Eu®" emission
decreases, despite the broad emission related to ZnO defects keeps
increasing. This behavior suggested a degradation of the luminescent
centers. To corroborate this assumption, successive spectra were
measured keeping the same injected current, confirming that the Eu®*
emission is progressively quenched (not shown). In addition, this
decrease of the RE signal was also correlated to a voltage decrease,
suggesting that the device becomes more conductive.

Another interesting result is the EL distribution along the device. In

Figure 4.5(a), a photography of the smaller device working at this high
injected current is presented. The fact that the strong emission (visible
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to the naked eye) appears in the form of dots at the edge of the devices
suggests two hypothesis. The first one is related to the device
structure, inducing more efficient excitation of the RE ions at the
edges of the device. Observing TEM images, non-abrupt shape can be
seen in this region, presenting thinner SiO> layers close to the device
[see Figure 4.5(b)]. The fact that the main emission takes place at the
edges could be ascribed to the hot electron injection through the
thinnest part of the SiO> via tunneling from the Si substrate to the Th-
Eu:ZnO active layer. These hot electrons have enough energy to
excite the REs by electron impact mechanism, strongly increasing the
EL efficiency with respect to the rest of the device area. The other
hypothesis is related to the dotted-shaped emission. This feature only
appears under high injected current, increasing sometimes the number
of emitting dots with time. This behavior can be correlated with the
decrease of the applied voltage in the successive measured spectra
mentioned before. Overall, the possible formation of conductive paths
when the device is submitted to enough voltage can explain both the
dotted emission and the voltage decrease.

4.1.2. Resistive Switching Properties

The electro-optical properties of these devices suggested the
formation of conductive paths, which opens the possibility to employe
them as resistive switching devices. Moreover, they exhibited EL
emission under high injection current, which could be used as optical
read as well. Hence, the resistive switching properties of these
samples were analyzed in detail, and they are presented in the
following sections.

4.1.2.1. ITO/ZnO/p-Si structure as resistive switching
device

First of all, the undoped ZnO sample was explored in order to
determine the resistive switching properties of the 1TO/ZnO/p-Si
structure. In this case, the electroforming was carried out supplying a
positive voltage ramp at the ITO top contact and setting the current
compliance at 5 mA, achieving the LRS at 12.5 V. After this
electroforming, the device was submitted to 100 cycles between -1 V
and +1 V, presenting Set and Reset processes around +0.4 V and —0.4
V, respectively, working in self-compliance mode. A current contrast
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of more than 5 orders of magnitude was observed between both HRS
and LRS at the Vieas = —0.2 V, being 107 A and 2x107° A the
corresponding currents, respectively.

In the next step, the device was submitted to a specific pulse-voltage
pattern, which consists of four pulses corresponding to: (i) inducing
the Set at +2 V, (ii) reading within the LRS at —0.2 V, (iii) inducing
the Reset at —1 V and (iv) reading within the HRS at —0.2 V. Whereas
the duration of the Set and Reset was kept at 50 ms to achieve
correctly the resistive switching behavior, the lectures were set only
at 0.1 ms (system limitation). Working at these conditions, the device
presented an endurance of 10° cycles with 99.5% of success. In this
case, the LRS current fits well with the measured by voltage ramps
(2x10°% A). However, the HRS presented currents around 10° A,
being two order of magnitude larger than using voltage ramps. This
difference could be attributed to the short duration of the pulse during
the Reset, affecting the atomic arrangement.

In order to understand better the physics that governs the current
through the conductive filaments, the charge transport mechanisms of
the three different resistive states (pristine, HRS and LRS) were
determined in accumulation regime. The pristine state presented trap-
assisted tunneling (TAT) along 7 orders of magnitude in current,
which was expected due to the intrinsic intra-band electronic states
ascribed to the defective nature of the undoped ZnO. In contrast, a
space-charge limited current (SCLC) was observed when the device
was in LRS. These results are in agreement with the large amount of
injected carriers through the conduction filaments, exhibiting a
quadratic dependence on the voltage. Finally, the I(V) curve
corresponding to the HRS showed clearly two different trends.
Initially, the curve presented TAT transport mechanism at low
voltages, similar to the pristine state. However, for voltages larger
than 0.7 V, the trend of the curve changes following the Fowler-
Nordheim (FN) tunneling transport mechanism.

Taking into account the obtained parameters from the fits and
assuming that the re-oxidized region recovers the stoichiometry of the
pristine state, some structural parameters were estimated like the
reduction of the effective surface of the device and the thickness of
the gap between the electrode and the interrupted conductive path. In
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this case, the effective surface of the device in LRS was reduced form
2.1x107° cm? to 1.4x107'° cm?, which corresponds to around 20
nanofilaments, assuming their reported diameter (10-50 nm) in the
literature. Regarding the thickness of the gap corresponding to the re-
oxidized region, the parameters extracted from the fits permitted to
determine a thickness around 9 nm, leading to an electric field of 0.8
MVcm-at 0.7 V. This reduction can explain the change from TAT to
FN mechanism at 0.7 V, being it ascribed to the enhancement of the
electric filed due to the reduction of the effective thickness and the
boundary effect at the tip of the nanofilamens.

This work has just been submitted in Applied Physics Letters (2018)
[see Section A.1. List of Articles (VI)].

4.1.2.2. Effect of RE ions on the resistive switching
properties

Following the resistive switching characterization of the ITO/ZnO/p-
type Si devices, the next step consisted of analyzing the effect of the
REs on the resistive switching properties. In order to carry out this
study, the Th-doped ZnO sample was submitted to the same analysis
than the undoped one. First of all, different current compliances were
explored from 1 pA to 5 mA, observing that the introduction of the
RE permitted to reduce this value some orders of magnitude. In
contrast to the undoped sample, whose optimum current compliance
was 5 mA, Tb-doped ZnO allows reducing this value down to 10 pA,
thus keeping stable the LRS. However, a clear increase of the Set and
Reset voltages was required to induce the resistive switching, as it can
be observed in the Figure 4.6(a). Similar to the case of undoped ZnO,
both HRS and LRS are well defined, their corresponding curves
matching each other, and exhibiting a current difference of 6 orders
of magnitude at voltage values around —1 V. The I(V) characteristics
shows higher voltage dispersion in Set than in Reset, which matches
perfectly after the two first cycles.

When the device was submitted to pulse-voltage pattern, similar
results were obtained. In this case, the voltages consisted of 12 V and
-5V to induce the Set and Reset, respectively, reading the current of
each resistive states at —1 V. The duration of each pulsed voltage was
initially the same than undoped ZnO (50 ms to induce the Set and
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Figure 4.6. (a) 1(V) characteristics of Th-doped ZnO sample, showing a resistive
switching behavior. The red line indicates the first cycle corresponding to the
Electroforming process. (b) Cumulative probability of HRS and LRS current
measured at —1 V along 500 cycles.

Reset and 0.1 ms for the reading), obtaining similar results. In Figure
4.6(b), the cumulative probability of the HRS and LRS current under
these conditions along 500 cycles is displayed. In contrast to the
undoped sample, no variation of the current at HRS was observed with
respect to using voltage ramps. This fact indicates that the Reset
process is totally completed, using the same time. This effect can be
explained from the point of view of the role of the Tb ions. The REs
near the conductive paths could trap part of the out-diffused oxygen
ions, being easier the re-oxidation of these nanofilaments by filling
their oxygen vacancies.

Finally, the electro-optical properties of the Th-doped ZnO were
carried out analyzing the electroluminescence of the device by means
of the system described in the section 2.5. Electro-Optical
Characterization. The integrated EL signal was detected along the
whole resistive switching cycle in order to study the emission in both
HRS and LRS. The Figure 4.7(a) shows the 1(V) characteristics of a
resistive switching cycle, where Set and Reset take place around 15 V
and -2 V, respectively. Observing the corresponding integrated EL
emission [Figure 4.7(b)], one can observe that the device does not
exhibit EL emission in the HRS. Just at the moment when Set occurs,
a sudden increase of the light emission is observed, showing an
overshoot. After that, the integrated EL signal remains constant during
all the time that the current compliance is active. Around 7 V, the (V)
curve recovers its own shape decreasing its value and consequently,
the integrated EL emission also decreases, quenching the emission
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Figure 4.7. (a) 1(V) characteristics of Th-doped ZnO sample, showing a resistive
switching behavior. (b) Integrated EL emission corresponding to the (V) curve
of (a).

about 4 V. Applying negative voltages to induce the Reset process,
slight EL signal was observed around —2 V in the LRS; however, the
Reset process, which takes place immediately, quenches this
emission. After that, no EL emission was observed along the rest of
the curve in the HRS. The fact that the device does not present EL
emission in HRS can be explained by the low current that flows
through the device, which is not enough to induce EL emission.
Nevertheless, the current around 107° A that the device presents at
voltages larger than 3 V allows for light emission.

In order to identify the origin of this integrated EL emission, emission
spectra were acquired at +8 V in both resistive states. The Figure 4.8
shows these spectra between 400 nm and 1100 nm. In accordance to
what was observed in integrated EL, the HRS does not present EL
mission along this range, as not high enough current flows through the
device. However, a broad spectrum was observed applying the same
voltage (+8 V) in the LRS. Analyzing the shape of this spectrum, no
emission from Tb3* ions is observed, whose narrow peaks should
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Figure 4.8. (a) 1(V) characteristics of Th-doped ZnO sample, showing a resistive
switching behavior. (b) Integrated EL emission corresponding to the 1(V) curve
of (a).

appear between 488 nm and 620 nm [see Figure 4.3(b)]. Therefore,
only emission ascribed to the ZnO defects is observed, arising
probably from the conductive paths with high density of oxygen
vacancies. This issue is in agreement with the observed in Figure
4.5(a), where bright spots appears under high injection current.

In conclusion, the introduction of REs into the ZnO layer clearly
changes the resistive switching properties, increasing the required
voltages to induce the Set and Reset processes. However, it seems that
this chemical modification limits the out-diffusion of oxygen atoms,
easing their reincorporation during the Reset process. In addition, both
the defective nature of ZnO and the results obtained analyzing the EL
emission, open the possibility to read optically the resistive state as
well.

4.2. ZnO/Si-NCs/p-Si Light Emitter

In the case that ZnO presents n-type properties, this material can be
employed as TCO. This kind of electrode is required in devices whose
active layer needs to absorb or emit light (solar cells or light-emitting
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diodes, respectively). In this subsection, ZnO plays the role of TCO
in devices containing Si-NCs embedded into silicon oxynitride host
matrix. As mentioned in the section 1.3 Silicon Nanocrystals, the
optical properties of these nanostructures present interesting
properties due to the possibility to tune their emission depending on
their size.

Samples were fabricated depositing multilayered silicon-rich
oxynitride (SRON)/SiO> structure onto p-type Si substrate. This
deposit was carried out by means of PECVD at 375 °C alternating
both materials. After the deposition, the samples were annealed at
1150 °C for 1 h in N2 ambient to induce the precipitation of the silicon
excess in SRON in form of Si-NCs. The device structure was achieved
after depositing a 100-nm thick ZnO layer on top of the multilayers
by means of ALD at 200 °C, which was photolithography patterned
obtaining circular-shaped contacts. Finally, the rear side was full-area
evaporated with Al as bottom electrode.

4.2.1. Optical and Electro-Optical Properties

The optical and electro-optical characterization of these devices is
divided into two studies. The first one consists of the modulation of
the defects-related EL emission of the ZnO layer via AC excitation.
In the second one, an additional 2-nm-thick SizNa interlayer at the Si-
NCs-substrate interface and 10-nm-thick SiO> capping layer on top of
the multilayers were introduced. The analysis of the injected current
and how these layers affect the EL emission was carried out.

4.2.1.1. Modulation of ZnO emission via pulsed excitation

The EL emission was acquired using the system described in the
section 2.5. Electro-Optical Characterization in Barcelona. Both
spectra and integrated EL were analyzed under symmetric square
voltage pulses with 50 um of period, obtaining an enhancement of the
EL emission about one order of magnitude compared to DC electrical
excitation. Applying constant DC excitation of —7 V, which
corresponds to the accumulation regime, the corresponding EL
spectra exhibits a broad emission ranging from 400 nm to 1100 nm.
Taking into account the nature of the device, this emission was
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deconvolved into two contribution, Si-NCs emission (~900 nm) and
ZnO defects emission (~700 nm). The first one well agrees with the
obtained emission in similar devices, but using ITO as top electrode,
only presenting this contribution due to the no emission of the ITO
top electrode.

Once both contributions were identified, pulsed excitation was carried
out using symmetric square voltage pulses between —7 V and 7V. In
this case, 50% duty cycle was selected over a period of 50 s, thus
staying 25 ps in accumulation regime and 25us in inversion one.
Under this AC electrical excitation, an enhancement of almost one
order of magnitude was observed, attributed to the sequential injection
of carriers from Si substrate towards the Si-NCs. Varying the duty
cycle of this electrical excitation, but keeping the 50-us period, a
quenching of the defective emission of ZnO was observed. The
shorter the time in accumulation regime, the lower the EL emission of
ZnO defects. This behavior suggests that the recombination dynamics
of the different luminescent centers play an important role. The
analysis of the time-resolved EL was carried out collecting the
integrated signal with the PMT and displayed using the oscilloscope.
A symmetric square voltage pulsed of 500 us with 50% duty cycle
was employed as electrical excitation. This larger period was selected
to be sure that luminescent centers, especially Si-NCs, completed their
excitation. Different dynamics was observed depending on the charge
injection regime. In accumulation regime, EL emission increases up
to the DC-like emission level with a rise time of ~18 us. During the
voltage pulse in inversion regime, the deep depletion regime is
achieved and, consequently, an EL overshoot takes place with a rise
time of ~17 ps, followed by a slower decay of the EL with decay time
of ~76 ps. In order to understand better the excitation process that
occurs in both ZnO and Si-NCs luminescent layers, the mechanism
was analyzed in terms of the energy band diagram. Whereas in
accumulation regime holes are injected into Si-NCs from the p-type
Si substrate and electrons from the ZnO top electrode, in inversion
regime only electrons (minority carriers) of the p-type substrate tunnel
into Si-NCs. In both cases, the generation of electron-hole pairs within
the quantum-confined Si-NCs takes place, whose recombination
induces the EL emission of the Si-NCs. However, the injection
asymmetry between electrons and holes, due to their mobility
difference in SiO», suggests that this generation of electron-hole pair
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likely occurs via electron impact, the electrons tunneling the SiO2 host
matrix from the ZnO to Si-NCs. On the other hand, the ZnO EL
emission can be explained by electron-hole generation as a
consequence of hole injection from Si-NCs to the ZnO top electrode,
which presents high concentration of electrons (as ZnO is naturally n-
type). Typically, ZnO does not allow the injection of holes into it, but
the defect-related deep-level states permit this process. Indeed, the
fact that no presence of the band-to-band recombination is observed
in EL supports this assumption. The presence of these holes in the Si-
NC layer could be induced as a result of the electron-hole generation
due to the band-to-band excitation of Si-NCs and the hole injection
from the p-type Si, being accumulated at the ZnO/Si-NCs interface.
The fact that electrons cannot compensate this positive charge in
accumulation regime could explain that the injection, in inversion
regime, of electrons from p-type Si into the positive charge of Si-NCs
generates electron-hole pairs, resulting in the EL emission overshoot
observed. Once this charges are compensated, the EL emission decays
because the unlikely hole injection from ZnO and the low electron
injection from the p-type Si in inversion regime are not enough to
observe EL in DC excitation. Therefore, ZnO defects-related EL
emission can be modulated by AC excitation, while simultaneously
enhancing the EL intensity of the Si-NCs. In conclusion, this study
demonstrated that ZnO EL emission can be totally quenched, and
therefore the device EL emission spectral lineshape modulated
through the visible range, by controlling the duty cycle of the pulse
excitation.

This work was presented in the international conference of the
European  Materials Research  Society (EMRS)  Spring
Meetingcelebrated in Strasbourg (France) in 2017, as oral
communication [see Section B.3. Conference Contributions (28)]. In
addition, it finally was published in Applied Physics Letters Vol. 110,
203104 (2017) [see Section A.1. List of Articles (VII)].

4.2.1.2. Effect of SisN4 inversion layer on Si-NCs emission

As observed in the previous study, the injection of electrons from p-
type Si substrate can play an important role for the Si-NCs EL
emission. However, the low concentration of electrons that this layer
presents is the main drawback to achieve high carrier injection in
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inversion regime. In order to overcome this problem, an additional
thin film of SizsN4 was deposited onto the p-type Si substrate, before
the multilayered structure of Si-NCs. Three different samples were
fabricated, containing all of them 5x(Si-NCs/SiO;) bilayers with
nominal thicknesses of 4.5 nm and 1.0 nm, respectively. The first one,
consists only of the Si-NC/SiO2 multilayers. In the second one, a 2-
nm thick SisNs inversion layer was located between the Si substrate
and the first Si-NC/SiO: bilayer. Additional 10-nm thick SiO> layer
was deposited on top of the Si-NC/SiO2 multilayers in the third
sample as carrier injection blocking layer. Finally, device structure
was achieved after depositing ZnO as TCO as top electrode and Al in
the rear side of the substrate. The multilayered structure containing
Si-NCs and the additional SisNs and SiO» layers was confirmed by
TEM images.

The optical characterization of the samples was carried out by PL
analysis, showing the typical Gaussian-like spectra ascribed to the
radiative excitonic recombination of Si-NCs. The sample containing
SiO; top layer presented a slight PL redshift, probably caused by a
modulation (due to internal reflections) generated by this top layer.
However, no evident spectrum variation was observed due to the
presence of the SizN4 inversion layer, indicating that it does not play
a relevant role in the PL emission.

Regarding the electrical properties, the 1(V) curves of the three
samples were analyzed in accumulation regime. The device
containing only Si-NCs presents more conductivity that the others,
being the least conductive the sample containing the SiO. additional
capping layer, as expected. The capacitance versus voltage [C(V)]
curves, obtained at 300 kHz and sweeping between +6 V and -6 V,
show a flat band voltage around —0.3 V and the overall capacitance
about ~120 nF cm™ for the sample with only Si-NCs. However, the
sample with the additional SisN4 layer presents larger capacitance of
~140 nF cm™ due to its lower AC conductivity, and lower flat band
voltage around —2.0 V ascribed to the positive fixed charge within the
SizNs interlayer. The introduction of the oxide blocking barrier
induces the largest capacitance about ~143 nF cm=2 because of this
oxide barrier and exhibits a negative threshold voltage shift.
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The electro-optical properties were determined by studying the EL
emission of the three devices in both DC and AC electrical excitation.
In DC, EL spectra were observed only in the samples without the SiO>
layer, due to the limit of current injection that this layer performs.
Comparing to PL, broader spectra were determined, which is ascribed
to the excitation of smaller Si-NCs, which are not efficiently excited
by photons due to their low cross-section. In this DC conditions, the
introduction of the SisN4 layer reduces the carrier injection, and
consequently the EL emission. However, a clear enhancement of the
EL emission was observed in all device working in AC and using the
same electric field than DC and setting a period of 50 ps with a duty
cycle of 50% (accumulation and inversion times of 25 ps). This
increase of the EL emission is attributed to the sequential injection of
carriers after alternate polarization switching. Moreover, devices
containing the additional SisN4 layer exhibited a greater enhancement
when working in AC. The narrower and red-shifted spectra that the
samples exhibit under pulsed excitation with respect to the PL
emission were attributed to the modulation of the high- and low-
energy EL emission contributions, depending on the duty cycle of the
pulsed excitation (see 4.2.1.1. Modulation of ZnO emission via pulsed
excitation).

In order to understand better this injection process, time-resolved EL
study was carried out by applying square voltage pulses of £7 V with
a period of 1 ms with duty cycle of 50%. This larger period was
selected to give enough time to complete the decay time in both
regimes. An emission overshoot was observed immediately after each
polarization switch, recovering the DC-like emission level when the
device worked in accumulation regime. This effect was only observed
in the devices containing the additional SisNa4 layer. However, when
devices switched from accumulation regime to inversion one, the
overshoot was observed in all devices followed by an EL decay until
EL was totally quenched. In accumulation regime, some holes are
confined in Si-NCs within the layer immediately on top of the
substrate which might not be recombined with electrons due to the
asymmetry between electron and hole mobilities in SiO,. When the
device switches from accumulation to inversion, this positively
charged Si-NCs attract electrons from the substrate, reaching the
overshoot peak. After this process, very low injected current is
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expected because of the fact that electrons are the minority carriers in
the p-type Si substrate.

This work was published in Advanced Electronic Materials, 1700666
(2018) [see Section A.1. List of Articles (VIII)].

4.2.2. Resistive Switching Properties

Analogously to section 4.1.2.1. 1TO/ZnO/p-Si structure as resistive
switching device, the study of the resistive switching properties of
these of these ZnO/Si-NCs/p-Si devices containing the SizN4
inversion was also carried out. The employed experimental system
was the one described section 2.4. Electrical Characterization. In
addition, the EL emitted in each resistive state was explored by
collecting the emitted light using the PMT and the CCD described in
section 2.5 Electro-Optical Characterization.

4.2.2.1. ZnO/Si-NCs/p-Si as resistive switching device

First of all, and similar to the other studies, different current
compliances were explored, observing that keeping this current
limitation at 100 pA permitted to complete some cycles with well-
defined resistive states. In Figure 4.9, the I(V) characteristics of the
device is presented, showing the electroforming and four completed
cycles. As observed in other cases, the curve corresponding to the
electroforming process (i.e., the pristine state) presents less current
than in following cycles at HRS. This fact is ascribed to residual
oxygen vacancies still present after the Reset process, which increase
the effective conductivity of the device. This electroforming process
took place around 10 V, achieving the LRS limited by the current
compliance. When negative current was supplied, the HRS was
recovered between —7 V and -8 V depending on the cycle. Despite the
fact that the devices only present some cycles before obtaining a
permanent resistive state, well defined states were observed with a
current difference about 6 orders of magnitude.

Following the measurement protocol used for the other studied
resistive switching devices, the EL emission of this device was
analyzed. The integrated light emission was initially collected by the
PMT while simultaneously acquiring an 1(V) curve. In Figure 4.10(a)
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Figure 4.9. (a) (V) characteristics of Th-doped ZnO sample, showing a resistive
switching behavior. (b) Integrated EL emission corresponding to the 1(V) curve
of (a).

a single cycle is presented, where the Set and Reset processes take
place around 8 V and —7 V, respectively. Observing the corresponding
EL emission along the whole cycle, which is shown in Figure 4.10(b),
one can see that the device exhibits EL emission depending on the
applied voltage and the resistive state. First of all, the device was
submitted to a positive voltage ramp in the HRS, not yielding EL
emission at low voltages. The threshold voltage for light emission is
around 5 V, beyond which EL intensity progressively increases. When
the Set process takes place, the EL emission suddenly decreases,
keeping the value constant while the current compliance is active and
being totally quenched around 3 V. Applying negative voltages
without current compliance, the device presents again EL emission
with a threshold voltage of -3 V, being totally quenched immediately
after the Reset process occurs. After that, the EL emission is recovered
with a higher threshold voltage around —6 V. This behavior is totally
different than the one observed in ITO/Th:ZnO/p-Si, where no EL
emission was observed in the HRS. This occurrence can be explained
by taking into account that, in the case of the device containing Si-
NCs, the HRS presents enough current in positive voltage, and before
the Set process, to induce EL emission. Regarding the LRS, the device
presents more electrical conductivity and, therefore, EL emission can
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Figure 4.10. (a) I(V) characteristics of Th-doped ZnO sample, showing a
resistive switching behavior. (b) Integrated EL emission corresponding to the
I(V) curve of (a).

take place at low voltages, high enough to induce the excitation of the
luminescent centers but not to force resistive switching

The analysis of the spectra corresponding to this EL emission was
carried out to determine the origin of the luminescent centers. In this
case, the CCD was used, such as previously described. Observing the
Figure 4.10(b), two spectra were acquired at 8 V, because both HRS
and LRS present EL emission at this applied voltage. In the Figure
4.11, these spectra are displayed in a range between 400 nm and 1100
nm. As it can be observed, both spectra present a broad spectrum
centered around 950 nm, being the EL intensity in HRS higher than
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Figure 4.11. (a) I(V) characteristics of Th-doped ZnO sample, showing a
resistive switching behavior. (b) Integrated EL emission corresponding to the
1(V) curve of (a).

in LRS, which is in agreement with the integrated EL measurements
[see Figure 4.10(b)]. The position of these peaks suggest that EL
emission yields from Si-NCs, as previously discussed in this Thesis.
In addition, the spectrum corresponding to the HRS fits perfectly with
the obtained one in the electro-optical study just above and published
in the Paper VIII. In particular, the fact that the EL spectrum in HRS
is more intense than in LRS can be explained in terms of the effective
area through which the current flows. Once the conductive path is
formed, the current flows only through it, being the effective area
reduced. In this case, the LRS presents slight EL emission of Si-NCs,
which could indicate that some Si-NCs remain optically active in the
way of these conductive paths. However, in the HRS the Si-NCs EL
emission is clearly more intense, which suggests two hypothesis. The
first one consists of a greater amount of optically active Si-NCs in the
re-oxidized region, between the remnant conductive path and the
electrode; in this frame, the structural and chemical modification of
the active layer in the LRS induces the optical deactivation of these
Si-NCs. The second hypothesis suggests that the conductive paths are
totally or almost totally re-oxidized, inducing the current flow through
the same or similar area than in the pristine state.
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These results are very interesting since they not only demonstrate the
viability of employing Si-NCs in resistive switching applications, but
also the light emission from these nanostructures can be used to read
optically. Moreover, the study of this light emission can help more in-
depth understanding the physics that governs the resistive switching
mechanism and how this electrical characteristics can affect the
electro-optical properties of the device.

These results are very interesting because not only demonstrate the
viability of employing Si-NCs in resistive switching application, but
also the light emission form these nanostructures can be used to read
optically. Moreover, the study of this light emission can help to
understand better the physics that governs the resistive switching
mechanism and how this electrical characteristics can affect the
electro-optical properties of the device.
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Resistive switching and charge transport mechanisms in ITO/ZnO/p-Si devices
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Abstract

The resistive switching properties of ITO/ZnO/p-Si devices have been studied, which
present well defined resistive states with more than five orders of magnitude of difference
in current. Both high resistance state (HRS) and low resistance state (LRS) were induced
by either sweeping or pulsing the voltage, observing some differences in the high
resistance state. Finally, the charge transport mechanisms dominating the pristine, HRS
and LRS states have been analyzed in depth, which suggests a partial re-oxidation of the

conductive nanofilaments and a reduction of the effective conductive area.

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 (ReRAM) have become a solution
for the next generation of nonvolatile memories thanks to their low-power operation, high

swilching speed and compatibility with the CMOS technology.'™ In these devices, the
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switching between the low resistance state (LRS) and the high resistance state (HRS),
when an external electric field is applied, is due to either ionic movement leading to
atomic rearrangement inside the active layer (valence change mechanism, VCM) or
metallic diffusion from the electrode (electro-chemical metallization, ECM), thus
inducing the formation and destruction of conductive nanofilaments (CNFs).>¢ Different
oxide compounds have been explored, such as TiO2, HfO2, SnO> or ZnO, which have

7-12

demonstrated promising results. Among these metal oxides, ZnO has since long

attracted a great deal of attention because of its abundance and non-toxicity, arising

special interest also in gas sensing'>!*

or as transparent conductive oxide (TCO) in light-
emitting and photovoltaic devices. Hence, this broad range of applications of ZnO makes
it a potential candidate for a new family of transparent ReRAM devices. Here, we report
on the RS properties of sputtered ZnO within an indium tin oxide (ITO)/ZnO/p-Si device
configuration. The selection of ITO as top contact provides also 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 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
demonstrated using pulse trains for performing the reading and the changes between the
two resistivity states. Finally, the obtained results are explained according to the charge
transport mechanisms underlying the three different conduction states (pristine, LRS and

HRS), which sheds light to the CNF formation and destruction processes within ZnO.

Devices consisting in ITO/ZnO/p-type Si have been fabricated using a metal-oxide-
semiconductor (MOS) configuration. The ZnO layer consists of a 60-nm-thick layer
deposited by means of 4 inches radiofrequency magnetron sputtering system from a pure
ZnO target. The ZnO layer was grown on a p-type (100)-oriented silicon substrate using
a power density value of 0.97 Wem™, a 15 pbar Ar pressure and a substrate temperature
of 400 °C. An annealing process at 450 °C for | h was carried out in a conventional
furnace and under Ar atmosphere. The top contact was achieved by deposition of ITO by
electron-beam evaporation with a subsequent annealing at 200 °C in air for 1 h. By using
photolithography, devices with an effective area of 460x460 pm? were successfully
fabricated. The electric characterization of the MOS devices was performed by means of

an Agilent B1500 semiconductor device analyzer.
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The (V) characteristics of the devices were studied by applying a voltage on the top
electrode while grounding the bottom contact, sweeping the voltage from V=-1V to V=
+1 V, thus performing RS cycles. In FIG. 1(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 positive ramp voltage and setting a
current compliance at 5 mA. The voltage at which this electroforming process takes place
lies around 12.5 V, leading the device to the LRS, as shown in the inset of FIG. 1(a). This
state exhibits a much higher current than the pristine state, but without the need of 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 following
step consists of applying a negative ramp voltage until —1 V in order to switch from LRS
to HRS, leading to a considerable 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 1 V, 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 consecutive self-compliant cycles by means of positive and negative ramp voltages
in the range from —1 V to +1 V for set and reset steps, respectively [see inset of FIG.
1(a)]. A current contrast of more than 5 orders of magnitude is observed between both
states at a reading voltage of Viesa = 0.2 V (LRS is plotted in blue, HRS in red). In order
to analyze better these parameters along the 100 cycles, FIG. 1(b) shows the cumulative
probability of the currents at Vie,s for HRS and LRS. This plot confirms that both states
are well defined and stable, with mean current values of ~107!" A and ~2x107° A for HRS
and LRS, respectively. The cumulative probabilities of the switching voltages between
both states (Ve and Viese) are shown in FIG. 1(c), which shows a clear variation between
Viao = +0.1 V and +0.6 V (though always a positive voltage well below 1 V is required),
whereas Vieser presents a small variation always taking negative values between —0.4 V
and 0.5 V.
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FIG. 1. (a) I(V) characteristics of one RS cycle, where the voltage sweep direction of each
cycle is indicated by arrows. HRS and LRS are colored in red and blue, respectively,
whereas the set and reset processes are displayed in black. The vertical green dashed line
indicates the read voltage (Viead) where the current is analyzed. In the inset, the
electroforming process is shown, followed by the 100 cycles, as scale reference. (b) and
(c) represent the cumulative probability of the HRS and LRS currents at Vieud, and the

cumulative probability of the Vser and Vieser, respectively, averaged over the 100 cycles.

Taking into account the maximum Vet and Vieser values observed along the 100 cycles
(in absolute value), the device was submitted to a specific pulse-voltage pattern, as shown
in FIG. 2(a). In brief, the first pulse forces the ser by applying +2 V, followed by a second
pulse at Vieas = —0.2 V to read the current of the LRS. The third pulse, at —1 V, induces
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the reset towards HRS. Finally, the current at Viead = —0.2 V is again monitored within
this state. The duration of the set and reset pulses was kept at 50 ms, long enough to
promote switching, as observed experimentally; instead, reading times were set to a much
faster value, 0.1 ms, limited by the experimental setup. The device presented an endurance
of more than 1000 periods with 99.5% of success, whose cumulative probability is
represented in FIG. 2(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.
1(a)], taking values centered again around ~2x107° A. This confirms that the LRS is well-
defined under both excitation conditions. In contrast, HRS presents a larger current than
the one obtained using I(V) curves. Whereas voltage ramps induced stable current
intensity around ~107'" A, pulsed excitation increases current intensity up to ~10 A.
This difference in the current values within HRS could be related to the short duration of
the pulse during the reset process, which affects the atomic arrangement, as suggested by

Marchewka et al. in TaOx-based ReRAMs.'®
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FIG. 2. (a) Scheme of the pulse-voltage pattern employed in the study. (b) Cumulative
probability plot of HRS and LRS currents at Vreaa under the pulse schematics in (a), after
more than 1000 periods.

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

159



4. Materials for Optoelectronics and Resistive Switching

(pristine, HRS and LRS) were determined in the substrate accumulation regime (V<0
range). FIG. 3(a) represents the isolated /(V) curves corresponding to each of these three
states in log-log representation. The three states present differentiated trends: the current
intensity in the LRS exhibits 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 combination of at least two mechanisms takes place.
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HRS (red circles) and LRS (blue triangles) states with their respective charge transport
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mechanism fits. 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 take place
in the ZnO (HRS), SCLC mechanism occurs in ZnO. (LRS).

In the pristine state, trap-assisted tunneling (TAT) mechanism might presumably be
the dominant conduction mechanism in our devices, as ZnO is an undoped material with
intrinsic intra-band electronic states (due to its defective nature);'” a sketch of the energy
band diagram for the TAT mechanism is depicted in FIG. 3(b). Under these conditions,
the electrical current depends exponentially on the applied voltage, following the

expression:!’

s BmyZmrdg:
I:qnz ex (7 ¢‘z ,

27 3hqVv M
being ¢ the elementary charge, n the trap areal density, S the area of the device, 7 the
relaxation time between subsequent 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 h the Planck's constant.

Regarding the LRS, the observed high current intensity suggests a large amount of
injected carriers, which is compatible with the space charge-limited current (SCLC)

theory [see FIG. 3(c)], exhibiting a quadratic dependence on the voltage:'®

2

= E LEgE,S % @)
where p is the electron drift mobility, and & and & are the vacuum and relative
permittivities, respectively. Finally, in the reset process, the conductivity of the devices
dramatically decreases, reaching the HRS. Thus, the ZnQO active layer becomes highly
resistive and the intrinsic intra-band states are again relevant for the conduction. We
observed that the current intensity dependence on the applied voltage exhibits two
different trends, separated at a threshold voltage around 0.7 V [see FIG. 3(a)]. At voltages
below this threshold, TAT mechanism should again dominate charge transport, whereas
Fowler-Nordheim'® (FN) could be the main conduction mechanism at higher electric
fields, due to the further lowering of the potential barrier. Therefore, a combination of

both mechanisms can be considered, following the expression:

= qnes exp [— 8nv‘2m'd¢v?”2 q°s VZexp (- an‘Zm'dn;bg”z 3)
2t 3hqV 8m2hd2 gy p 3hqV ' -
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where the first and second terms of the right side of the equation correspond to TAT and
FN models, respectively, being ¢, the energy offset between the ITO electrode Fermi
level and the ZnO conduction band [see FIG. 3(b.d)].

Under these considerations, we have fitted the experimental /(V) curves of the
pristine, LRS and HRS states with the expressions from EQ. (1), EQ. (2) and EQ. (3),
respectively. This procedure allows us extracting physical parameters from the devices

which are relevant to understand the RS mechanism within.

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 ¢, to be
around 0.20 eV, Considering this mechanism, 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

CITor.

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 ZnQ, the electron drift mobility ranges
between 18 and 140 ¢cm?V's™! and the relative permittivity is above 8.3,* we have
found that the effective device area that is contributing to the conduction should be equal
to or below 1.4x107' cm?, much lower than the actual top ITO contact area (2.1x107°
cm?). This result suggests that the high current intensity observed in the LRS flows
through filaments along the ZnO semiconductor layer. Taking into account the maximum
active surface evidenced by the conduction mechanism, the current density along the
CNFs can be evaluated, obtaining a lower limit of J = 1.6x10* Acm™ at Vg = 0.2 V.
This current density is indeed excessively high, but still lower than the one observed in
TaOy/TiOx/Ta0, structure, were values over 107 Acm™ 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 lay between 10 and
50 nm'"1>#2%) the found active surface corresponds to 20 CNFs. Thus, this result
suggests the formation of a limited number of conduction paths, with nanoscale

dimensions.
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Finally, we could successfully fit the HRS I(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 a 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 ZnO 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£0.02 eV), we found an effective thickness reduction of about
85 % (effective thickness of 9+1 nm). 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 MVem®
Lat V=0.7 V (see for instance Ref. 26, 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 overcome the ITO-ZnO band offset (¢p), making
dominant the FN mechanism. Actually, the experimental data is well reproduced by the
FN model, with a band offset energy of ¢,= 0.57+0.04 eV, which is below the energy
that carriers have at voltages above (.7 V. The application of voltages larger than 1 V will
produce again the set process, presumably by promoting out-diffusion of oxygen atoms
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 observations.”” On the other
hand, (ii) the LRS typically exhibits a high conductance with an Ohmic or SCLC
behavior; considering 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 conductive
paths are partially re-oxidized, thus inducing the interruption of the CNFs along 9 nm. At
larger voltages (above 0.7 V), injected carriers from the ITO contact present enough
energy to overcome the ITO-ZnO potential barrier, exhibiting a FN behavior. The

correlation between the charge transport mechanisms through ZnO and its structural

9
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modification under external electrical stress helps anticipating the optimum operation
conditions of ZnO-based memristors. 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.

Here, we have demonstrated the RS properties of ITO/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 107 cycles, while working at low voltages. The analysis of
the intensity-voltages curves has shown the formation of CNFs at the set process due to
out-diffusion of O atoms, which is responsible for the LRS. In the reser process, these
CNFs are interrupted along 9 nm by their re-oxidation, recovering the ZnO 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 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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Modulation of the electroluminescence emission from ZnO/Si NCs/p-Si
light-emitting devices via pulsed excitation
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In this work, the electroluminescence (EL) emission of zinc oxide (ZnO)/Si nanocrystals (NCs)-
based light-emitting devices was studied under pulsed electrical excitation. Both Si NCs and deep-
level ZnO defects were found to contribute to the observed EL. Symmetric square voltage pulses
(50-us period) were found to notably enhance EL emission by about one order of magnitude. In
addition, the control of the pulse parameters (accumulation and inversion times) was found to mod-
ify the emission lineshape, long inversion times (i.e., short accumulation times) suppressing ZnO
defects contribution. The EL results were discussed in terms of the recombination dynamics taking
place within the ZnO/Si NCs heterostructure, suggesting the excitation mechanism of the lumines-
cent centers via a combination of electron impact, bipolar injection, and sequential carrier injection
within their respective conduction regimes. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4983722]

The potential of silicon nanocrystals (Si NCs) for opto-
electronics has arisen the interest of the research community
since the discovery of the quantum confinement effect,'
which leads not only to a discretization of the allowed elec-
tronic states within the energy bands but also to an increase
in the band gap energy of the bulk material.>* In particular,
the control of the NC size allows for Si band gap engineer-
ing,* which can be exploited towards tunable-light emission
Si-based devices. For this reason, exhaustive efforts are dedi-
cated to understand the charge injection mechanisms that
yield electroluminescence (EL) emission from SiO,-embed-
ded Si NCs-based light-emitting diodes (LEDs). Some
reported works suggest bipolar injection to be the dominant
excitation mechanism under DC conditions,s'6 where simul-
taneous injection of electrons and holes into the NCs results
in efficient exciton formation. Notwithstanding, the asymme-
try of electrons and holes in tunneling through SiO, barriers
often leads to a less efficient excitation via impact ioniza-
tion.”® To overcome limitations of DC excitation, pulsed
emission was proposed that relies on the efficient sequential
injection of electrons and holes into NCs,”'? effectively
lowering operation voltages and hence increasing device
stability."?

Considering the top contact, n-type poly-Si is typically
employed for Si NC-based capacitors or field-effect transis-
tors, > because it provides excellent charge injection and can
be deposited and implanted via standard microelectronics
techniques. Nevertheless, its absorption in the visible range
overlaps with the Si NCs emission spectrum.'® Therefore,
wide-band gap n-type transparent conductive oxides (TCOs)
such as indium tin oxide (ITO) are increasingly being used in
these light-emitting systems.”® In the present work, atomic

“Electronic mail: julia.lopez.vidrier@imtek.uni-freiburg.de

0003-6951/2017/110(20)/203104/5/$30.00

110, 203104-1

layer deposition (ALD) of zinc oxide (ZnO) was used for the
top contact, which is a robust alternative for Si NCs-based
LEDs.'>!® In addition, ALD-ZnO presents luminescence
properties under certain fabrication conditions and device
design,'®!” which could be used to complement the red-
infrared NCs-based emission towards higher energies within
the visible spectrum.

In this work, devices containing Si NCs/SiO, multi-
layers (MLs) as active luminescent layer were employed. A
total number of five SiOg 93N 23 (SRON)/SiO, bilayers were
deposited on top of (100) Si substrate (p-type, base resistivity
of 1-20 Q cm) by means of plasma-enhanced chemical-vapor
deposition. The SRON and SiO, layer thicknesses were kept
constant at 4.5nm and 1nm, respectively. A subsequent
high-temperature annealing treatment was carried out at
1150°C for 1h in N, ambient, to induce phase separation
resulting in the excess Si precipitation and crystallization in
the form of Si NCs, followed by H, defect passivation at
450°C for 1 h. The material properties of analogous Si NC/
SiO, MLs concerning NC size, crystalline quality and optical
absorption and emission have been reported in the past.'2
Finally, a 200-nm-thick ZnO film was deposited by ALD at
200°C (Refs. 15 and 16) and patterned by conventional pho-
tolithography, followed by full-area Al metallization of the
rear side. A cross-section sketch of the studied devices is
shown in the inset of Fig. 1. Further details on the multi-
layers deposition and device fabrication can be found
elsewhere.”>*%°

Current-voltage [/(V)] characterization was carried out
in dark and at room temperature using an Agilent B1500
semiconductor device analyzer connected to a Microtech
Summit 11000 probe station. Integrated electroluminescence
was measured at room temperature by collecting the devices
emission under DC electrical excitation with a Seiwa 888L

Published by AIP Publishing.
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FIG. 1. Current density (black) and integrated EL emission intensity (red) as
a function of the applied electric field. The inset shows a cross-section
scheme of the devices under study.

microscope using a long working distance 20x objective
(NA =0.4), coupled to a calibrated Hamamatsu GaAs R928
photomultiplier tube. The EL spectra were acquired by a
Princeton Instruments LN,-cooled CCD coupled to a mono-
chromator, under either DC or pulsed excitation. Time-
resolved EL measurements were performed by collecting the
resulting integrated EL emission using a high-time resolution
Agilent Infiniium DSO 8064A oscilloscope.

The current density vs. electric field [J(E)] characteristic
of the device is presented in Fig. 1. As expected from the
device design, the J(E) curve exhibits a strong rectifying
behavior. At substrate accumulation (£ < 0) bipolar injection
is possible, whereas in substrate inversion (E > 0), the current
is strongly limited by the p-Si depletion layer. Integrated EL
intensity (red curve in Fig. 1) was measured over the whole
scanned voltage range, although the actual signal was
observed only in accumulation (see Ref. 8 for a detailed study
on the power efficiency from devices containing analogous
MLs). The onset for EL was found to be remarkably low,
around —0.84 MV cm ™' (~—2.3 V), corresponding to a mini-
mum injection current density of ~107>A cm ™2 required to
excite the luminescent centers within the device. This onset
voltage is indeed comparable to previous reported works on
similar structures.®

A further inspection of the EL emission properties of
the device was performed by spectrally resolving the acquired
signal, under a constant DC excitation of —7 V (accumulation,
equivalent to —2.55MV cm~' and corresponding to J ~ 2
% 1072A cm™?). The resulting spectrum is displayed in Fig.
2(a), which exhibits a broad lineshape ranging from 400 nm to
1100 nm. Indeed, all acquired spectra could be deconvolved
into two well-defined contributions, as observed in Fig. 2(a),
peaking around 700nm and 850nm. The origin of the low-
energy contribution is typically ascribed to the excitonic
recombination at the fundamental quantum-confined elec-
tronic states of Si NCs.? For the sake of direct comparison,
Fig. 2(b) presents an EL spectrum from a previous publica-
tion, corresponding to a Si NC MLs-based sample with the
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FIG. 2. (a) Normalized experimental EL spectrum acquired from the device
under study (black points), fitted according to two different contributions
(dashed and dotted grey lines), whose sum (solid red line) is in excellent
agreement with the experimental data. (b) Normalized EL spectra corre-
ponding to a sample ining a 10, thick SiO, layer instead
of NC MLs and ZnO electrode (solid line) and to an analogous NC ML sam-
ple (with ITO instead of ZnO as top electrode, dashed line) taken from
Ref. 7. (c) Direct comparison between spectra acquired under DC (black)
and pulsed (red) excitation. The inset shows the pulse schematics.

same structural parameters but with ITO instead of ZnO as
top TCO electrode.” In fact, the fundamental difference
between both samples, i.e., the different TCO, highlights the
possibility that the high-energy EL contribution in Fig. 2(a) is
related to ZnO. Again, Fig. 2(b) may shed light to the origin
of this contribution by displaying the EL spectrum acquired
on a reference sample containing a 10-nm-thick SiO, layer
instead of Si NC MLs and with the same ALD-deposited ZnO
on top. Note that in this case larger electric fields are required
to achieve permanent current flow in the Fowler-Nordheim
regime. This emission is centered around 700nm, and its
broadness indicates the excitation of luminescent centers
within a wide range of electronic level energies, as usually
obtained from deep-level defect states in ZnO (donor-acceptor
pairs generated by O vacancies and Zn interstitials);”’ the fact
that no near-band gap excitonic recombination of ZnO is
observed around 380nm (and thus no emission tail is
detected)*® can be due either to a lower excitation energy than
the ZnO band gap or to no additional annealing treatment
being carried out on the ZnO-deposited samples.'” Actually,
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the hypothesis of emission coming from ZnO intra-band gap
defect states is supported by the observation of ZnO-related
contribution broadening towards higher energies when
increasing the DC excitation current density (not shown here),
which promotes electron-hole pair generation in higher-
energy defect states within the ZnO band gap.

Once the different contributions to EL were identified,
efforts were focused on the effect of pulsed excitation on the
emission. For this, a square voltage pulse, symmetric
between —7 V and 7V (well within the accumulation and
the substrate inversion regimes, respectively), was employed
[see inset of Fig. 2(c)], whose result is displayed in Fig. 2(c)
in comparison to the spectrum resulting from DC excitation
at —7V [see Fig. 2(a)]. A pulse period of 50 us was selected
(equivalent to a driving frequency of 20 kHz), which showed
the maximum emission yield in our samples, in good agree-
ment with previous reported works on analogous systems
and methodologiesf"'”'13 In addition, we selected a 50%
duty cycle, i.e., accumulation (f,..) and inversion (f;,,) pulse
times of 25 us, as schematized in the inset of Fig. 2(c). We
observe a huge enhancement of the EL intensity under
applied pulsed excitation, estimated as a factor ~9 from the
ratio between the EL integrated areas. This behavior was first
observed by Walters e al.” and was attributed to the sequen-
tial injection of carriers from the Si substrate towards the
active layer under alternate accumulation and inversion
cycles. Provided that the system response to this type of
excitation is tightly related to the carrier injection character-
istics, the duty cycle of the pulse is expected to play an
important role on the EL emission of the system. Under this
assumption, we modified the duty cycle by applying different
accumulation and inversion times, while keeping fixed the
50-us pulse period. The limiting cases are displayed in
Fig. 3. As can be observed, the spectral lineshape drastically
evolves, shorter 7,.. (and thus longer f;,,) inducing the pro-
gressive quenching of the ZnO defects-related contribution,
and consequently leaving Si NCs as the only active lumines-
cent centers.

To understand the effect of the different pulsed excita-
tion characteristics on the EL emission output, it is necessary
to analyze the recombination dynamics taking place within
the system. Fig. 4(a) displays the EL emission dynamics on a
whole excitation period of 1ms (fec = tiny =500 us). This
period was intentionally selected to provide complete charg-
ing of the luminescent species and corresponding EL decay.
Please note that, since radiative recombination in ZnO
defects emission typically takes place in the nanosecond
range,” the observed slow EL decay in the figure (microsec-
ond range) must necessarily be dominated by processes tak-
ing place within the Si NC MLs. Indeed, the dynamics
pattern is similar to the ones reported in Ref. 8, where analo-
gous Si NC MLs-based devices were analyzed that contained
ITO electrode instead of ZnO, again evidencing that pro-
cesses taking place in ZnO are not reflected in the observed
dynamics. Focusing again on Fig. 4(a), markedly different
phenomena occur under opposite charging regimes. In accu-
mulation, EL emission increases up to a constant DC-like
emission level, being the rise time estimated as ~18 us.
Once the pulse voltage is switched from —7V to 7V, i.e.,
the deep depletion regime is reached, an EL overshoot (rise
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FIG. 3. Normalized EL spectra acquired under pulsed excitation, using a
symmetric square-voltage pulse of —7 V/7'V and different accumulation and
inversion times, while holding a fixed period of 50 us. The EL spectrum
from an analogous sample from Ref. 7 is also displayed (grey dashed line).

time ~17 ps) takes place followed by a slow decay, whose
single-exponential fit resulted in a decay time of ~76 us. The
estimated characteristic times are in good agreement with
expected values for Si NCs.**2

The EL recombination dynamics of the system sheds
light on the carrier injection and excitation processes taking
place within the device structure. These mechanisms are
illustrated by the energy band diagrams displayed in Fig.
4(b). In accumulation, holes are injected into the Si NC MLs
from the valence band of the p-type Si substrate, while elec-
trons are injected from the ZnO top electrode. The observed
emission of ZnO can only be explained by electron-hole gen-
eration as a consequence of hole injection from the Si NC
MLs into the ZnO electrode, where a high concentration of
electrons exists (~5 x 10'90m73). Due to the large band off-
set between the ZnO and the Si NCs valence bands, ZnO is
essentially a hole-blocking contact. However, defects-related
deep-level states are possibly excited by holes, which is the
reason of the missing observation of ZnO band gap transition
in the EL spectra. Regarding the observed Si NCs-related EL
emission, it must be a consequence of electron-hole pair gen-
eration within the quantum-confined NC states. Note that,
because of injection asymmetry between electrons and holes
(hole mobility is several orders of magnitude lower than that
of electrons),®® and although bipolar excitation of opposite
electrode-injected carriers cannot be entirely ruled out, gen-
eration of electron-hole pairs in Si NCs most likely occurs
via electron impact of tunneling electrons from the ZnO
electrode. > However, it was recently shown that defect
states at Si NC interfaces may allow for band-to-band
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FIG. 4. (a) EL emission dynamics (black) over a period of 1 ms (50% duty
cycle), corresponding to the device under study (the employed voltage pulse
in red). (b) Energy band diagrams corresponding to the ZnO/NC MLs/p-Si
system under the respective conduction regimes.
excitation at electric fields below 1 MV cm",25 effectively
generating massive amounts of holes that accumulate at the
ZnO-MLs interface (mechanism not shown in the band dia-
grams). Both mechanisms are feasible in the present struc-
ture, and support the observed constant EL emission level. In
this process, hole injection and defect-related hole generation
within the Si NC MLs, as well as the higher electron mobil-
ity leading to more efficient electron transport through the
MLs, may result in non-compensated (i.e., non-recombined)
positively charged Si NCs. Under inversion, minority car-
riers from the substrate (electrons in the formed inversion
layer at the substrate-MLs interface) are injected into these
positively charged NCs via Coulomb field-enhanced tunnel-
ing, the so-called sequential carrier injection,”'® which indu-
ces electron-hole pair formation resulting in the EL emission
overshoot observed in Fig. 4(a). This exciton formation is
maximized when all positively charged NCs are neutralized,
after which EL decays. Under this regime, excitation of the
luminescent centers is not achieved because of both the
unlikely hole injection from ZnO (n-type) and the low elec-
tron injection rate from the p-type substrate, so that neither
bipolar nor impact excitation are possible; as a consequence,
no EL emission is observed in conventional (DC-excited)
spectra.

Recovering again the results displayed in Fig. 3, the pro-
posed frame for excitation may explain the quenching of
ZnO defects-related emission. When the pulse is governed
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by the accumulation regime (i.e., longer 7,.. is employed),
hole injection into ZnO defects and electron impact of (or
electron-hole bipolar injection into) Si NCs are achieved. In
this case, fi,y =1 us is notably shorter than the inversion
decay time (~76 us), and thus complete discharge of the Si
NCs is not fulfilled. As #,, increases, exciton generation
within ZnO and Si NCs still takes place, whereas the effi-
ciency of Coulomb field-enhanced electron-hole pair forma-
tion is increased; this is translated into an enhancement of
the Si NC-related EL with respect to ZnO. These findings
are further supported by an enhanced Si NC-related EL emis-
sion observed when increasing the inversion voltage (not
shown), where a more efficient electron injection from the
inversion layer is achieved. Finally, when decreasing 7, to
1 ps, electron and hole injection is not efficient throughout
the device, and thus no holes can be injected from the MLs
into ZnO, which totally quenches ZnO emission. In contrast,
this accumulation time is long enough to positively charge
the Si NCs next to the substrate-ML interface, which favors
recombination by neutralization within this region and
results in the sole presence of Si NCs-related emission in the
acquired spectra.

So far, this work has revealed that, in ZnO/Si NC MLs/
p-Si LEDs, EL emission results from a complex charge
injection and excitation pattern. On one hand, DC excitation
in accumulation regime leads to emission by impact excita-
tion of Si NCs and by electron-hole pair generation in ZnO
after hole injection into deep-level intra-band gap defects.
On the other hand, the recombination dynamics becomes far
less intuitive when a pulsed excitation is employed, where a
sequential Coulomb field-enhanced electron-hole generation
adds to impact excitation, resulting in an enhanced EL emis-
sion with respect to the DC case. In addition, the relative
emission from the different luminescent centers can be modi-
fied by controlling the pulse parameters (t,.. and f;,,), which
can be exploited towards particular optoelectronic applica-
tions requiring whole-visible range emission. Overall, these
observations shed light to the sequential charging of Si NCs,
a promising field for Si NCs EL. It is foreseen that the modi-
fication of NC-based LED design will lead to enhanced
sequential bipolar excitation in detriment to inefficient
impact ionization, which will notably improve the perfor-
mance of Si NC-based devices.

This work was financially supported by the German
Research Foundation (ZA191/27-3 and ZA191/33-1) and
the Spanish Ministry of Economy and Competitiveness
(TEC2016-76849-C2-1-R).
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Effect of Si;N4,-Mediated Inversion Layer on the
Electroluminescence Properties of Silicon Nanocrystal
Superlattices
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1. Introduction
The achievement of an efficient all-Si electrically-pumped light emitter is

a major mil in p! ptoelectronics still to be fulfilled. Silicon
nanocrystals (Si NCs) are an attractive material which, by means of the
quantum confinement effect, allow attaining engineered bandgap visible
emission from Si by controlling the NC size. In this work, SiO,-embedded
Si NCs are employed as an active layer within a light-emitting device
structure. It is demonstrated that the use of an additional thin Si;N,4
interlayer within the metal-insulator-semicond device design induces
an enhanced minority carrier injection from the substrate, which in turn
increases the efficiency of sequential carrier injection under pulsed electrical
excitation. This results in a substantial increase in the electroluminescence
efficiency of the device. Here, the effect of this Si;N, interlayer on the struc-
tural, optical, electrical, and electro-optical properties of a Si NC-based light

Given the huge impact of quantum con-
finement on the electronic properties of
silicon nanocrystals (Si NCs), namely the
band structure modification as a func-
tion of the NC size,'* in-depth studies
have been carried out on the physical
mechanisms involved in the optical®~]
and electrical®!% performance of SiO,-
embedded Si NCs, and their potential
to become active material candidates in
optoelectronic applications such as light-
emitting devices (LEDs)."'3] Light emis-
sion from Si NCs has recently become a
very promising field, which can set a basis

emitter is reported, and the physics underlying these results is discussed.
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for novel fully Si-based optoelectronics
and photonics. Indeed, the photolumines-
cence (PL) quantum yield (QY) of Si NCs
in Si0,, i.e., the ratio between the photons
that are absorbed in and emitted from Si NCs, has been esti-
mated by several groups, and QY efficiencies exceeding even
30% have been reported.I'*!5] Nevertheless, the case of electron-
to-photon conversion is not so straightforward in SiO,-
embedded Si NCs, because carrier injection is strongly limited
by the high band offset between the Si NC and the dielectric
host, which can only be overcome under certain tunneling
conditions.' In this respect, some works have addressed the
excitation mechanisms that govern the electroluminescence
(EL) emitted by size-controlled Si NCs in SiO,. Among the
most accepted hypotheses, electron-hole pairs are believed to
be formed within Si NCs after bipolar carrier injection and/or
impact ionization via high-kinetic-energy electrons; while the
former approach claims that electrons and holes are injected
from the electrodes to the NC system at a similar rate,'7*]
the latter takes into account the asymmetry of injection effi-
ciency due to the mobility difference between both carriers in
the oxide.['”2% In any case, the overall power efficiency (PE) of
these systems, i.e., the ratio between the optical output and the
electrical input, is low.

Aiming to increase the power efficiency of Si NCs/SiO,-
based light-emitting devices, different strategies have been
conceived. Such is the case of the pulsed electrical excita-
tion of Si NC-based LEDs, which was found to substantially

(10f10) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Cross-sectional schematic of the Si NC-based MOSFET device employed by Walters et al.?'l in either substrate a) accumulation or b) inversion
regimes, where sequential carrier injection from the substrate, respectively holes (open circles) and electrons (full circles), is fostered. Vy; and V, are,
respectively, the drain-source and gate voltages. c,d) The sketch corresponding to the proposed MOS device design that includes an intrinsically
high positively charged interlayer (in blue), respectively in substrate accumulation and inversion regimes. Such an interlayer will present fixed positive
charges (+), whereas fixed negative charges (-) are found within the substrate. The shaded regions in panels (b) and (d) indicate the inversion layer
(dark gray) and depletion zone (light gray) formed below the NC-based layer.

enhance their EL emission yield by more than one order of
magnitude, apart from reducing device degradation and
power consumption.?!~2%) This approach takes advantage
of the sequential carrier injection within the NCs, which
improves the poor bipolar injection efficiency shown by hot-
carrier-based conventional DC excitation mechanisms. In
particular, the work by Walters et al. reported a metal-oxide—
semiconductor field-effect transistor (MOSFET) structure.
Here, the channel created between the heavily doped drain
and source terminals acts as a selective carrier injection layer
that allows for “charge programming” the Si NCs embedded
in a bulk SiO, layer, with holes in accumulation and electrons
in inversion, as illustrated in Figure 1a and Figure 1b, respec-
tively.?1?2) The key point of this device design takes place
in inversion conditions, where an n-type channel is created
between drain and source that provides additional electrons to
the substrate ones. In another approach, Creazzo et al. opted
for a MOS capacitor structure, much simpler in terms of a
design than a transistor device, where the active oxide mate-
rial consisted of several Si NC superlattices.?*) Learning from
these structures, we propose here an alternative NC-based
device design that allows for an improved sequential injection
while preserving the simplicity of the MOS design. Specifi-
cally, we employ the intrinsically high positive charge density
of Si3N,, /%) which we place between the Si substrate and the
NC-based active layer. In substrate accumulation conditions

Adv. Electron. Mater. 2018, 1700666
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(Figure 1c), holes from the substrate are normally accumu-
lated at the substrate/interlayer interface, thus being injected
into the NC-based layer. The real advantage of this structure
is found in substrate inversion regime, where a permanent
inversion layer underneath the interlayer region surrounding
the gate contact can supply large amounts of electrons
for the region underneath the gate. This structure mimics
Walters et al.’s n-type MOSFET channel by injecting addi-
tional electrons from the substrate into the NCs (Figure 1d).
Therefore, this interlayer is expected to enhance the injection
of both carriers into the NC-based active layer under the cor-
responding polarization regimes.

We will demonstrate here that the controlled generation
of an inversion layer through the above-described interlayer
approach results in a significant enhancement of the EL effi-
ciency of Si NC-based MOS capacitors under pulsed elec-
trical excitation. For this, we designed three different samples
allowing us to compare the obtained results not only with our
previous works but also with those reported in the literature.
With this objective, a careful structural, optical, electrical, and
electro-optical characterization is carried out, from which the
carrier injection and Si NC excitation mechanisms that take
place within our devices can be assessed. It is the aim of this
work to study, in detail, the effect of the hereby selected dif-
ferent device configurations on the EL performance of Si
NC-based LEDs.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Sketch of the device structures under study. They essentially consist of 5x SRON/SiO, superlattices deposited on top of p-type Si substrate, with
a circular ALD-ZnO top electrode and a backside full-area Al metallization (device NC). Device NC-SN contains an extra 2 nm Si;N, interlayer between
the Si substrate and the Si NC SLs. Device NC-SN-SO was designed as device NC-SN, but containing an additional 10 nm SiO, layer between the Si NC
SLs and the top ZnO electrode. On the right-hand side, a legend is provided with the color correspondence to each material. Thicknesses are not to scale.

2. Results
2.1. Material Structure Inspection

The employed approach makes use of an engineered inversion
layer, which allows tuning the carrier injection mechanism
into the Si NCs and, as a result, allows modifying their EL
emission in a controlled manner. To inspect this effect, three
different samples were fabricated. The basic structure (labeled
as “NC”) contains a stack of 5x Si NC/SiO, superlattices (SLs,
nominal layer thicknesses of 4.5 and 1 nm, respectively, and a
total active layer nominal thickness of 27.5 nm) deposited on
top of a p-type Si substrate. This number of SLs was selected
according to general EL performance criteria, since thicker SL
stacks exhibit poor carrier injection (and thus higher EL onset
voltage) and thinner ones release a barely observable lumi-
nescence. Top and bottom contacts were made by transparent
and intrinsically conductive (n-type) ZnO and Al contacts,
respectively. The inversion layer is achieved by the inclusion
of a 2 nm Si3N, interlayer between the Si substrate and the
first Si NC/SiO, bilayer, which constitutes the device labeled as
“NC-SN” (total nominal thickness of 29.5 nm). This inter-
layer thickness was found to be optimum for our investigation

Si substrate

20 nm

purposes, since slightly thicker layers do not affect the super-
lattices PL, whereas they clearly decrease the current density
through the device. Finally, the additional effect of blocking the
carrier injection from the top electrode is analyzed by embed-
ding a 10 nm SiO, layer between the last NC layer and the
atomic layer deposition (ALD)-ZnO top electrode, in the device
labeled as “NC-SN-SO” (total nominal thickness of 39.5 nm).
In Figure 2, the schematics corresponding to the three device
designs are displayed.

The cross section of the devices was directly imaged by means
of transmission electron microscopy (TEM). In particular,
Figure 3a displays an energy-filtered TEM (EFTEM) image from
the cross section of device NC-SN-SO. This particular sample
was selected since it presents all the distinct characteristics
under study, namely the Si NC/SiO, SLs, the Si;N, interlayer,
and the additional SiO, capping layer. By filtering around the
Si plasmon energy (Es; = 16.7 eV), the contrast of the regions
containing high Si content is highlighted (bright regions). This
analysis allows the observation of the Si NCs, properly arranged
in five ordered layers conveniently separated by =1 nm lower-
Si-content barriers (i.e., the SiO, layers), with a total stack thick-
ness of =30 nm (from the substrate to the last Si NC layer).
This microscopy observation is consistent with cross-sectional
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Figure 3. a) Energy-filtered and b) unfiltered bright-field transmission electron microscopy images from the cross section of device NC-SN-SO. The
different observed layers are highlighted. c) Photoluminescence spectra corresponding to the three samples under study.
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Si NC sizes around =4 nm, as previously reported on equiva-
lent samples.?®?] In addition, an =9 nm layer is found between
the Si NC superlattices and the ALD-ZnO gate electrode
which, because of its identical contrast to the inter-NC barriers
in EFTEM images filtering around the SiO, plasmon energy
(image not presented), must also be composed by SiO,. EFTEM
imaging, however, gives no clear evidence of the presence of a
nitride layer between the Si substrate and the Si NC SLs, which
is due to the proximity between the plasmon energies of SiO,
(=22.5 eV) and Si3N, (=23.7 eV).1*] This drawback is solved by
unfiltered bright-field TEM, as shown in Figure 3b, where the
brightness contrast allows observing an =2 nm layer on top of
the crystalline Si substrate, which can be attributed to the Si;Ng
interlayer.

PL spectra were acquired from each sample, whose results
are displayed in Figure 3c. All samples exhibit a Gaussian-like
spectrum ranging from 600 to 1150 nm. This kind of emission
is typically ascribed to the radiative excitonic recombination
within the Si NCs, with a full-width at half-maximum (FWHM)
of =160-170 nm observed for all samples, attributed to the NC
size distribution and phonon contributions due to the indirect
transition.?] The PL emission peaks around =940-945 nm
for samples NC and NC-SN, whereas it is slightly redshifted
(=965 nm) for sample NC-SN-SO. The occurrence of a small
PL shift to longer wavelength in sample NC-SN-SO is likely
to be caused by a modulation effect of the SiO, capping layer
on the spectral emission properties of the Si NCs because of
the internal distribution of the optical excitation field, affecting
in turn the PL emission intensity.??3% It is interesting to note
that, within the uncertainty attributed to measurement repro-
ducibility and surface homogeneity, samples NC and NC-SN
yield a virtually identical emission spectrum, which indicates
that the 2 nm Si;N, interlayer does not play a relevant role in
the PL properties of the sample.

2.2. Electrical Characterization

Figure 4a displays the current density versus electric field
(J(E), both in absolute values) characteristics corresponding
to the three devices under study in accumulation regime,
i.e., under negative applied voltage on the top ALD-ZnO electrode.
Indeed, these curves already state a signature for each device
structure. In particular, device NC shows an increase of current
density of several orders of magnitude, as expected from contin-
uous charge transport within NC-related states and no blocking
layer impeding charge injection through the electrodes.?034
Device NC-SN exhibits an analogous trend to device NC, which
reveals similar carrier injection conditions. However, in this
case the curve is clearly shifted to higher voltages, which can be
attributed to the fixed charges induced by the Si;N, interlayer
because of its highly defective nature.?”) The J(E) curve corre-
sponding to device NC-SN-SO presents, in contrast to the other
devices, an almost flat region at low and medium electric fields.
Within this electric field regime, the current is transient and
governed by charge injection.l® The current is purely capaci-
tive as no charge traverses the SiO, blocking layer. At higher
electric fields, persistent Fowler-Nordheim injection becomes
the dominating charge transport mechanism.*l
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Figure 4. a) Current density versus electric field curves (both in abso-
lute value) obtained from the three devices under study in accumulation
regime. b) Capacitance versus voltage curves corresponding to the same
devices.

The electrical characterization of the devices under study
was complemented by the investigation of the capacitance
versus voltage (C(V)) curves, obtained at 300 kHz in a fast +6
to =6 V sweep, which are plotted in Figure 4b. Device NC pre-
sents the typical behavior expected from Si NC SLs,** showing
a flat band voltage, Vgp yc = —0.3 V, as well as the generation of
a depletion region at slightly positive voltages, always exhibi-
ting a marked difference between charge accumulation (V < 0)
and inversion (V > 0) regimes. The overall capacitance value
in accumulation is low (=120 nF cm™), which is attributed to
the high conductivity of the Si NC SLs under fast AC excita-
tion. Addition of the thin nitride layer (device NC-SN) increases
the observed capacitance (=140 nF cm™) due to a lower AC
conductivity, and leads to a notably lower flat band voltage
(Vrp,ne.sy = —2.0 V) due to the positive fixed charges within the
Si3N, interlayer. The effect is similar to the recently reported
work by Tondini et al.,*®) where nonpassivated defective field
oxide provides a similar threshold voltage shift. Finally, device
NC-SN-SO (with the largest capacitance, =143 nF cm™, due to
the presence of the oxide blocking barrier) also exhibits a nega-
tive threshold voltage shift. The Vg decrease for this device
with respect to device NC-SN is due to the presence of the
blocking oxide, thus indicating that the effect of the fixed posi-
tive charge is reduced.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.3. Electroluminescence Emission

The electrical properties have shown so far that an introduced
thin Si;N4 layer into the NC-based LED provides an inver-
sion layer underneath the whole superlattice structure. There-
fore, minority carriers are provided to the active region from
the inverted areas around the gate. This is expected to have
a notable impact in the EL generation within our devices. In
Figure 5a, the EL spectra corresponding to devices NC and
NC-SN obtained under DC electrical excitation at -5 and 10 V
are displayed. In this regime, defect-induced field ioniza-
tion between neighboring Si NCs already takes place in both
devices.? The current density of device NC is about one order
of magnitude higher than in device NC-SN, which might be
the reason for not observing the EL emission of the latter at
-5 V. With =10 V DC excitation (=|3.4|-{3.6| MV cm™), however,
the EL signal from both devices could be observed. Indeed,
under these conditions, the EL emission yield corresponding
to device NC is larger than when the Si;N, interlayer is pre-
sent. In addition, since this voltage corresponds to an electric
field (=[2.5| MV ecm™) well within the blocked region of device
NC-SN-50, no emission was observed from the latter device.
The spectral line shape of the EL of the devices can also be
analyzed. As can be observed, devices NC and NC-SN exhibit a
clear emission at low energies, within the 600-1000 nm range.
When comparing these spectra with the plotted PL in Figure 3c,
we can attribute the low-energy part of the EL spectra to the
excitonic recombination within Si NCs, as has been reported
before.l’738] However, the increase in width of EL spectra
(FWHMyc = 230 nm; FWHM yc.sy = 250 nm) with respect to
PL can be understood as follows: smaller NC sizes are excited
more efficiently via carrier injection (compared to PL, where
the absorption cross section decreases rapidly with decreasing
NC size),’7%) thus broadening the spectra toward higher ener-
gies. Please note that, although quantum-confined Stark effect
(i.e., the effective reduction of the Si NC bandgap, and there-
fore a peak redshift, due to the presence of an external electric
field)*) could also take part in our NC-based devices, our
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observations indicate that excitation of the small NC population
dominates the EL behavior. In the case of device NC-SN-SO,
no EL was observed before the onset of the permanent Fowler—
Nordheim current at significantly higher electric fields, as was
already expected for this device. Finally, it is interesting to note
that, under DC excitation, the presence of the Si;N, interlayer is
clearly reducing the carrier injection and NC excitation within
the SLs, which results in a decreased EL emission.

Following the main aim of this work, ie., to improve the
EL emission under pulsed excitation, we measured EL with
an excitation of square pulses of +5 V, thus keeping the same
amplitude as for DC excitation measurements. We used a
period of 50 us and a duty cycle of 50%, which implies accu-
mulation and inversion times of, respectively, t,.. = t;,, = 25 Us
(the respective results are displayed in Figure 5b). Please note
that, for the sake of comparison, we had to apply +8 V to device
NC-SN-SO, which corresponds to an electric field equivalent
to the one in devices NC and NC-SN, due to the additional
SiO, blocking barrier. The most immediate result from this
approach is the enhanced EL intensity in all devices with
respect to DC excitation, even when a similar voltage differ-
ence of |10 V was applied. Such an excitation scheme was first
reported for MOSFET devices by Walters et al.,?!l and it was
attributed to the sequential injection of carriers after alternate
polarization switching. The enhancement is also significant for
our MOS-based devices containing the Si;N, interlayer, NC-SN
and NC-SN-SO, with respect to the NC device: the EL signal
has doubled, reversing the situation that was observed under
DC excitation (Figure 5b). This demonstrates that the nitride
interlayer plays a decisive role on the sequential injection and
excitation mechanisms that take place under pulsed excitation.

It can also be observed from Figure 5b that the NC and
NC-SN devices exhibit a narrower emission in pulsed excita-
tion than under DC excitation conditions, and centered at lower
energies (in respect to NC quantum confinement-related PL
emission). In our previous work, we reported on the modula-
tion of the high- and low-energy EL emission contributions on
an analogous device to NC, showing that shorter t,.. induces
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Figure 5. EL spectra corresponding to different devices, after applying a) DC electrical excitation at =5 V on device NC and —10 V on both devices
NC and NC-SN, and b) 50 ps period and 50% duty cycle square voltage pulses on the three devices. The intensity scales in both graphs are directly
comparable. Please note that, in panel (b), a higher voltage excitation at +8 V was required for device NC-SN-SO in order to attain a comparable signal

level to the other devices.
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a high-energy (defect-related) emission quenching, which was
ascribed to the insufficient time for efficient hole injection from
the Si substrate into the SLs and thus the ALD-ZnO gate.l*!
Additionally, we observe a narrowing (FWHMyc = 200 nm,
FWHM yc.sy = 220 nm, FWHM yc.sn.s0 = 220 nm) and redshift
of the EL emission in Figure 5b with respect to the DC exci-
tation in Figure 5a. Nevertheless, these spectra still exhibit a
peak blueshift and broadening with respect to the PL spectra
displayed in Figure 3c, which confirms that the excitation of
smaller NCs still prevails.

At this point, it is worth analyzing in more detail the total
luminescence output from the samples. For this, the EL power
efficiency of devices NC and NC-SN was estimated by exciting
them with square pulses of +5 V, using a pulse period of 80 us
and a duty cycle of 40% (which yielded the most efficient inte-
grated EL), and collecting the whole EL emission in a 10 cm
diameter integrating sphere. The reader is kindly directed to
ref. [42] for further details on the experimental equipment and
mathematical analysis of the outcoming luminescence from the
devices. For evaluating the PE, we took into account the ratio
between the optical power output, Py, and the electrical power
input, I x V [PE = P/(I x V)]. In the case of our device NC,
the mentioned voltage pulse conditions led to the estimation of
PEc = 6 X 1073%, whereas the utilization of the Si;N, inversion
layer (i.e., device NC-SN) induced an emission enhancement
up to PEyc.sy = 2.6 X 1072%, i.e., of a factor =4. This result is
so far the maximum efficiency reached by our Si NC-based
devices.?%) Please note that the PE enhancement after Si;N,
inversion layer incorporation is notably larger than the one
observed in the EL spectra (by a factor of =2). This occurrence
is due, first, to the PE normalization by the applied voltage and
current (whereas voltage was fixed at =10 V, current is different
in devices NC and NC-SN according to Figure 4a), and second,
to the fact that the integrating sphere collects all EL emitted by
the device, whereas a small solid angle reaches the entrance slit
of the spectrometer when spectrally analyzing EL.

2.4. Recombination Dynamics and Excitation Mechanisms

The substantial enhancement of EL emission intensity from
the particular device designs under study, after pulsed elec-
trical excitation is employed, must necessarily be related to the
charge injection mechanisms taking place within the devices.
With the aim of understanding such injection processes, time-
resolved EL studies were performed by applying controlled
square voltage pulses, of +7 V (well within the substrate accu-
mulation and deep inversion regimes), and with a total period
of 1 ms and 50% duty cycle (i.e., t,c = iy, = 500 us), whose
results are given in Figure 6. Such a long period was selected so
that the whole luminescence decay, in both accumulation and
inversion regimes, be complete. Again, distinct features govern
the rise/decay EL pattern of the devices under test, namely
the emission overshoot immediately after each polarity switch
(in both polarization regimes) and the DC-like emission level
reached after decay (only in accumulation). The observation of
these effects is very clear in this figure. When switching from
inversion (V> 0) to accumulation (V < 0), a sudden increase in
EL takes place in devices containing a Si;N, interlayer (NC-SN),

Adv. Electron. Mater. 2018, 1700666

178

1700666 (6 of 10)

MATERIALS

www.advelectronicmat.de

2 |---- Pulse V ——Current  ——EL]
(2]
c = —
8 [ accumuration r\ INVERSION |
£ | i

| NC
d — =0
o i
C PE—e----------- 0 e
eI [\ V=V .’\
3
L)' [ NC-SN =0
> i
o |l V=TIV 4
il e R m—— -
> ' i
a |1 !
o | |
Q =0
= \__ NC-SN-SO r
©
€E O— """ 1 ]
—
S -500 0 500

Time (us)

Figure 6. Normalized time-resolved EL emission (in red) from the
devices under study during one voltage-pulse electrical excitation period
(1 ms and 50% duty cycle). The pulse voltage (+7 V, in black dashed lines)
and the current (in blue) are also indicated. For the sake of clarity, accu-
mulation and inversion regimes are highlighted, as well as the I =0 level
(no current is observed in inversion).

whereas device NC directly reaches a constant emission after
switching to accumulation. Devices NC-SN and NC-SN-SO also
reach a DC emission after decay from the overshoot; the device
with SiO, blocking barrier exhibits a much lower intensity
level. After switching from accumulation to inversion, an EL
overshoot is observed in all devices, followed by a decay until
EL is totally quenched. Please note that the ELs rise and decay
times in all three devices lie in the range of 5-25 us (rise time)
and 30-75 ps (decay time), obtained by a single-exponential
decay fitting, which is in agreement with usual characteristic
times for luminescence excitation and decay processes, respec-
tively, taking place in Si NCs.>] This indicates that we are
effectively dealing with the recombination dynamics of the Si
NCs/SiO, system, and no contribution from either the SiO,
matrix or the ALD-ZnO electrode is observed (characterized by
much faster kinetics of the order of nanoseconds).*?l

The time-resolved EL signal corresponding to device NC was
already reported in ref. [41] on an analogous device. In that
work, the constant EL was attributed to continuous formation
of electron-hole pairs within Si NCs due to bipolar injection
of holes from the p-type substrate and electrons from the
ALD-ZnO gate electrode. Because of the mobility asymmetry
between electrons and holes within Si0,*’] some injected
holes are confined in Si NCs within the layer immediately on
top of the substrate which might not be recombined with elec-
trons. During the accumulation-to-inversion switch, the posi-
tively charged Si NCs attract electrons from the substrate until
total neutralization (reaching the overshoot peak), after which
EL decays. In this case, since electrons are minority carriers
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in the p-type Si substrate, no continuous electron injection is
expected, because the minority carriers have to be generated
thermally in the substrate. This slow process limits the current
during inversion, as shown by the time-resolved current pattern
(blue curves in Figure 6) being zero in the inversion regime.
The case of the devices containing a Si;N, interlayer is dif-
ferent: devices NC-SN and NC-SN-SO present an additional EL
overshoot after the inversion-to-accumulation switch, an effect
observed in other published works in the literature, too.!2)
As already described for device NC, the inversion cycle totally
quenches EL emission, as expected from the complete compen-
sation of positively charged Si NCs with substrate-injected elec-
trons. In this case, however, the inversion layer around the gate
induced by the Si;N, layer promotes additional electron supply
to the SLs. The lower DC level found in device NC-SN-SO must
be necessarily attributed to the presence of the blocking barrier.
It essentially obstructs electron injection from the ALD-ZnO
gate electrode. Apparently, electrons injected from the top elec-
trode play a decisive role in the recombination dynamics and
efficiency. Finally, the difference in accumulation-to-inversion
and inversion-to-accumulation EL overshoot intensity is due to
the asymmetry between electron and hole Si NCs' charging. As
an example, in the particular case of sample NC-SN-SO, electron
injection from the ALD-ZnO gate is strongly quenched in accu-
mulation, which results in only hole trapping from the substrate.

3. Discussion

So far, numerous studies have demonstrated that the EL emis-
sion from matrix-embedded Si NCs can be strongly enhanced
by means of pulsed electrical excitation.?"2326] This frame
clearly favors the occurrence of bipolar injection being the
main mechanism governing the excitation of the NCs, fol-
lowed by the consequent photon emission after electron-hole
pair recombination. In their work, Walters et al. described
the sequential programming of alternately charged Si NCs by
using a field-effect-transistor-like structure (a simple schematic
of such structure is displayed in Figure 1a,b).?*?? This design
presented two remarkable features: (i) the channel generated
between highly n-doped drain and source, which acts as an
electron reservoir under alternate polarization conditions, and
(ii) a SiO, layer between the Si NCs active layer and the poly-Si
gate, which provides adequate insulation against injection of
carriers from the top electrode. Indeed, the device structure
NC-SN-SO was intentionally designed to mimic Walters et al.’s
field-effect transistor: it contains a Si;N, interlayer between
substrate and SLs, which has proved to act as an inversion layer
that provides the adjacent Si NCs with minority carriers from
the substrate under alternate polarization conditions similar
to case (i), plus an additional 10 nm SiO, blocking barrier that
minimizes carrier injection from the ALD-ZnO gate, analogous
to case (ii). The recombination dynamics displayed in Figure 6
show how this device exhibits hole and electron carrier injec-
tion from the substrate immediately after switching to accumu-
lation and inversion regimes, respectively (as demonstrated by
the EL overshoots after each polarity change). In our case, how-
ever, an EL DC component is still observed in accumulation,
which indicates that, at the high voltages employed (+7 V), the
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blocking barrier is not totally quenching the constant injection
of high-kinetic-energy electrons from the gate electrode.

The role of a controlled inversion layer on the bipolar injec-
tion of carriers on the Si NC-based active layer was recently
studied by Tondini et al.’l They showed that the inversion layer
generated after nonpassivation of the field oxide surrounding
the NC SLs became a source of minority electrons and holes
that increased the efficiency of NC charging. This was proved
by C(V) measurements, which evidenced considerable charging
even under strong substrate inversion conditions, which led to
a nonrectifying behavior of the overall device. Our investiga-
tions on the Si;N, interlayer approach (device NC-SN) have cor-
roborated these results, as can be seen in Figure 4b, where only
device NC exhibits a real substrate inversion behavior, i.e., with
negligible or no charging at all. In addition, both works coincide
in the determination of the carrier injection nature from the
inversion layer, by means of recombination dynamics studies
that point out the alternated injection of electrons and holes
under different polarization conditions (see Figure 6). In our
case, absolute EL intensity measurements have shown a four-
fold increase of PE in device NC-SN with respect to device
NC, in excellent agreement with the enhancement shown by
Tondini et al. The C(V) characteristics displayed in Figure 4b
shed light to this fact, where a clear shift of the curves toward
lower Vig (higher in absolute value) indicates that a similar
charging level occurs at low voltages and under both accumula-
tion and inversion regimes, which favors the sequential bipolar
injection within the Si NC SLs. Despite the similar results
obtained in both works, the strength of our approach lies in
the simplicity of our design, where the controlled inclusion of
a nitride interlayer (which has no effect on the SL structure
according to Figure 3) provides notably higher EL emission
yield from Si NCs. Indeed, this is a very promising result,
which highlights the advantages of introducing such a thin
nitride layer on the performance of Si NC-based LEDs.

The EL emission efficiency of Si NC-based LEDs is limited by
both carrier injection into and light extraction from the devices.
In this study, we have reported a maximum PE of =2.6 x 1072%,
which corresponds to a quantum efficiency of =0.1% when nor-
malized by the number of injected electrons and the number
of emitted photons (see ref. [42] for details on this calcula-
tion). It is an interesting exercise to contextualize our result
within the existing literature on the topic, where different
approaches have been employed to improve either the charge
injection or the light extraction issues. Peralvarez et al. dem-
onstrated an EL power efficiency on SiO, thin-film-embedded
Si NCs around 103% when grown via ion implantation, which
was notably enhanced by two orders of magnitude when the
plasma-enhanced chemical-vapor deposition (PECVD) tech-
nique was employed.[*s! Almost simultaneously, some works on
Si NC SLs were reported by Pavesi and co-workers,!'718] where
a power efficiency as high as =0.2% was demonstrated after DC
electrical injection at low current density values.'”] In these
works, however, a highly n-doped poly-Si gate was employed as
top electrode, which notably favors tunnel-like injection of car-
riers within the SLs. As well, an additional 50 nm antireflective
Si;N, layer was employed on top of the poly-Si gate, in order
to minimize optical losses.® In contrast, and despite its high
and constant transparency throughout the visible range,*>%
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our ALD-ZnO is not optimized for light extraction. In addition,
relevant is the achievement of external quantum efficiencies
higher than 1% by means of chemically prepared colloidal Si
nanoparticles (NPs).’"%? In these works, the colloidal Si NPs
are spin-coated as an emitter layer within a device structure con-
taining polymer-based electron and hole injection and transport
layers. This already states a substantial difference with respect
to our SiO,-embedded Si NCs: although the Si NC/SiO, super-
lattice structure is able to finely control the NC size, the high
Si-SiO, offset energy for the injection of both electrons and
holes strongly limits charge injection into such systems, and
therefore the excitation of Si NCs. Notwithstanding, matrix-
embedded Si NC-based active layers show long-term operation,
in contrast to the less-stable NPs, whose operation times are
limited to some tens of hours due to NP migration toward the
contacts when high electric fields are applied.**) Finally, some
groups have addressed the light extraction efficiency enhance-
ment by taking advantage of a 2D photonic crystal layer depos-
ited as top electrode of Er’*-doped Si NC-based devices, which
allows for precisely coupling, and thus enhancing, the Er**-ion-
related near-infrared emission.**-% This approach, compatible
with Si technology, could be employed to enhance the visible-
NIR emission from Si NCs.

In general, the published works so far have demonstrated
that slight modifications on the NCs’ processing and distribu-
tion within the LED active layer, as well as the device design and
the excitation conditions, result in different device efficiencies.
In this frame, our design-improvement approach consists of
depositing a controlled interlayer between substrate and Si NC
superlattices, which favors minority carrier injection from the
substrate and, consequently, electron-hole pair generation even
in deep substrate inversion regime. Within this structure, the
use of pulsed electrical excitation was found to increase the effi-
ciency of the sequential carrier injection mechanism. In addi-
tion, the novelty of the design approach lies in the simplicity of
the additional Si;N, interlayer deposition step, which not only
allows the application of planar technology, thus avoiding com-
plex fabrication steps, but is also compatible with any existing
device configuration strategy.

4. Conclusion

Light-emitting devices based on Si NCs have been fabricated via
PECVD-deposited Si-rich oxynitride (SRON)/SiO, superlattices
and a subsequent high-temperature annealing treatment. Our
device structure consists in the addition of a 2 nm thick PECVD-
deposited Si3N, layer between the Si substrate and the SLs. The
control sample structure contains both the nitride layer and a
10 nm SiO, carrier injection-blocking layer. The structural,
optical, electrical, and electro-optical properties of these LEDs
have been studied. TEM analysis confirms the controlled depo-
sition of the SLs as well as the additional nitride inversion layer
and oxide blocking barrier. Electrical measurements revealed
that the Si;N, interlayer contains a high density of fixed posi-
tive charges that invert the substrate. Due to continuous supply
of electrons from the inversion layer around the electrode, the
injection of electrons from the substrate into the SLs is sig-
nificantly enhanced. This effect induces an enhancement of
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EL emission intensity, under pulsed excitation, with respect to
the conventional Si NC SL-based devices. In addition, EL yield
is notably higher under pulsed electrical excitation, which is
correlated to a more efficient sequential carrier injection. The
best performance is achieved by devices containing the nitride
interlayer under pulsed excitation, with a power efficiency of
=2.6 X 1072%, i.e., =4 times higher than the conventional device
structure. This efficiency increase confirms that our device
design, ie., the addition of a 2 nm Si;N, interlayer, provides
an easy approach to enhance the performance of Si NC-based
LEDs, by means of a fast technological process compatible with
planar microelectronics. Overall, our hereby presented results
pave the way for further improving the performance of light-
emitting devices containing a Si NC-based active layer.

5. Experimental Section

Material Preparation: The Si NC/SiO, SLs were fabricated via the
so-called superlattice approach.”) Through this method, alternated
SRON (4.5 nm) and SiO, (1 nm) layers were deposited on top of p-type
Si substrate ([B] = 10'® cm™3, base resistivity of 1-20 Q cm) by means of
PECVD (deposition temperature of 375 °C). On top of such a structure, a
10 nm capping SiO, layer was also deposited by PECVD, followed by 10
nm amorphous Si and another 5 nm SiO, in order to protect the SLs from
the subsequent high-temperature annealing treatment. After deposition,
the samples were annealed at 1150 °C for 1 h under N, ambient in a
quartz tube furnace, to induce the SRON Si excess precipitation and
crystallization in the form of Si NCs. In addition, the H, passivation
treatment was carried out at 450 °C for 1 h in pure H, gas, to get rid
of undesired dangling bonds. After annealing, the 10 nm SiO, capping,
amorphous Si and 5 nm SiO, protecting layers were selectively wet
chemically etched. More details on the Si NC SLs’ fabrication process are
given in ref. [28]. So far, the fabrication of the sample labeled as NC was
described. In sample NC-SN, an extra 2 nm Si;sN, layer was deposited
between the Si substrate and the first SRON/SIO, bilayer via PECVD.
In sample NC-SN-SO, additionally to the thin Si;N, layer, a 10 nm SiO,
layer was deposited on top of the SLs which was left unetched, to provide
a blocking barrier for carriers from the top electrode.*l In Figure 2, the
details of the three different material structures can be observed.

Device Fabrication: The device structure was achieved by full-area
evaporating the Si substrate rear side with Al, and depositing on top of
the SLs a 100 nm ALD-ZnO (naturally n-type, resistivity < 0.01 Q cm
and =75% transparency throughout the whole visible spectrum) using
ALD, at a deposition temperature of 200 °C.*%%8 The top ALD-ZnO
electrode was patterned by conventional photolithography, achieving
500 um diameter circular-shaped contacts (i.e., a total device area
of =2 x 107 cm?). This way, an N-I-P design was achieved, “N” being
the top n-type ALD-ZnO electrode, “I” (intrinsic) the Si NC SLs, and “P"
the p-type Si substrate. Further details on the device preparation can be
found elsewhere.1%34

Material and Device Characterization: Direct observation of the
sample structure was carried out via EFTEM and high-resolution
TEM using a JEOL 2010F instrument (field emission gun operating
at 200 keV) equipped with a Gatan Image Filter (with a resolution of
0.8 eV), after preparing the samples by mechanical flat polishing and
final low angle Ar*-ion milling. In the case of EFTEM, the Si signal
contrast was obtained by energetically filtering the electron energy loss
spectra around the Si plasmon energy (Es; = 16.7 eV). PL spectra were
acquired at room temperature by means of an LN;-cooled CCD camera
coupled to a high spectral resolution single-grating monochromator,
after exciting the material samples with the 325 nm line of a He-Cd
laser. Room temperature current-voltage (I/(V)) and capacitance—voltage
(C(V) measurements, swept at a frequency of 300 kHz), were performed
in dark using high-resolution probes in a Microtech Summit 11000
probe station (equipped with a Faraday cage for electrical screening)
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5. Summary and Conclusions

This Thesis has been focused on the fabrication and characterization
of different CMOS-compatible materials in order to determine both
their electro-optical and resistive switching properties. Basically, two
materials have been explored, silicon-aluminum oxynitride (SIAION)
and zinc oxide (ZnO). The first material under study, SIAION, has
been fabricated using three techniques, namely RF-sputtering, pulsed-
laser deposition and electron beam evaporation. In this case, different
stoichiometries were analyzed in order to obtain excellent optical and
electrical properties. The incorporation of different rare earths (RES)
was also carried out, using Ce and Eu, which exhibited
photoluminescence (PL) emission under laser excitation. The electro-
optical characterization was performed after fabricating device
structures onto p-type silicon substrates. The employed top electrode
was selected depending on the characterization technique. To collect
the electroluminescence (EL) from the devices a transparent
conductive oxide (TCO) was required, using indium tin oxide (ITO)
because of its excellent electrical and optical properties. Light
emission was obtained from both devices, containing Ce and Eu,
suggesting that SIAION is a great candidate to be employed as RE
host matrix. In addition, the resistive switching properties of these
devices were analyzed as well, using Al as top electrical contact.

Similar fabrication processes were carried out towards attaining rare
earth (RE)-doped SIiAION. This was achieved by depositing a
multilayered structure of Th-Al/SiO2, which allowed determining the
RE ions inclusion effectivity of the delta-doping approach. The optical
characterization demonstrated PL emission from trivalent Th** ions.
Different (Al/Tb/SiO2) multilayer configurations were tested to
optimize the number of active luminescent centers. Finally, the
resistive switching properties of RE-doped SiO> were also analyzed
and the role of the RE ions within was explored as well.

The second studied material was ZnO. In this case, the material was
deposited onto p-type silicon via either RF-sputtering or atomic layer
deposition (ALD) depending on the role of the deposited layer. While
the first one was used to deposit the ZnO as RE host matrix, the second
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one was employed to attain a ZnO layer acting as TCO top electrode.
In the first case, different REs (Tb and Eu) were tested. A clear PL
emission of both REs was obtained. The narrow peak-like features in
the spectra indicate the optical activation of the trivalent RE ions,
being the ZnO an optimum host matrix for this kind of luminescent
centers. To carry out the electrical characterization, device structures
were attained using ITO as top TCO electrode. The EL from these
devices was obtained, achieving similar spectra than the ones
observed via PL. However, the luminescent degradation with time
suggests the formation of conductive paths which effectively quench
the EL emission. Taking into account this behavior, the resistive
switching properties of these devices were analyzed, obtaining
different cycles. The role of the REs in the resistive switching
properties of ZnO was studied as well, allowing for a reduction of the
current compliance in the electroforming process, but increasing the
required voltages to induce the resistive switching phenomenon.
Moreover, the incorporation of the REs into the ZnO host matrix
permitted obtaining more stable Reset processes, which suggests that
the REs near the conductive paths could trap part of the out-diffused
oxygen ions and, consequently, the re-oxidation of these conductive
paths becomes easier.

Finally, when using a ZnO layer as top electrical contact, a
multilayered SiOx/SiO2 structure was employed. After deposition, this
structure was annealed at high temperature in order to induce the
precipitation and crystallization of the silicon excess in the form of
silicon nanocrystals (Si-NCs). The optical and electrical properties of
these nanostructures are well known and have reported in previous
works and doctoral theses of the research group. Therefore, the
incorporation of the ZnO as TCO was implemented to determine the
EL of the Si-NCs when current is injected under different electrical
polarizations. Studies in DC and AC have been carried out, obtaining
interesting results related to the modulation of the light emission from
ZnO defects and enhancing the EL emission from the Si-NCs. The
incorporation of a thin SisN4 inversion layer, between the Si substrate
and the multilayered Si-NCs, allowed modifying the injected current,
thus obtaining an enhancement of the EL emission. These
measurements confirmed the good electrical and optical properties of
the ZnO working as TCO and permitted to understand the physical
mechanisms involved in the EL process of the luminescent centers. In
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addition, the resistive switching properties of these devices were
determined. In this case, devices presented some cycles with well
defined resistive states. Under these resistive switching conditions,
devices exhibit EL emission, being the intensity and the threshold
voltage dependent on the resistive state.

In conclusion, the results presented in this Thesis demonstrate the
correlation between the EL emission and the resistive switching
properties. Using these characteristics, the resistive state can be read
not only electrically, but also optically from the emission of the
luminescent centers through the TCO top electrode contact. Overall,
these results pave the way to a new set of memory devices that can be,
in a near future, integrated into the Photonics field, dominated by
faster interconnections and less dependence to material transmission
media.
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6. Resum en Catala

Aquesta Tesi es basa en la fabricacio i caracteritzacié de diferents
materials compatibles amb al tecnologia CMOS, per tal de poder
determinar les seves propietats electro-optiques i de commutacid
resistiva. Basicament, s’han estudiat dos materials, oxinitrur de silici
i alumini (SiAION) i oxid de zinc (ZnO). En el cas del SiAION, s’han
emprat diferents técniques de fabricacid i s’han tingut en compte
diferents estequiometries per tal d’optimitzar-ne les propietats
optiques i eléctriques. Tanmateix, s’ha dut a terme la incorporacio de
terres rares (Ce i Eu) en aquestes matrius, les quals han presentat
emissio de fotoluminescencia (PL) sota excitacio laser. Les propietats
electro-optiques de dit material s’han pogut estudiar a partir de
dispositius basics obtinguts després de dipositar oxid d’indi i estany
(ITO) com a eléctrode transparent, els quals han mostrat emissio
d’electroluminescéncia (EL) de les terres rares. Dits dispositius també
han presentat propietats de commutacié resistiva (emprant Al com a
contacte superior).

L’ZnO es va utilitzar com a matriu contenidora de terres rares (Tb i
Eu), les quals han demostrat ésser opticament actives tot presentant
emissio de PL i d’EL. No obstant, dita luminescencia mostra una
degradacid, possiblement deguda a la formacié de camins conductius.
Aquest fet va promoure ’estudi de les propietats de commutacid
resistiva, obtenint resultats interessants depenent de I’existéncia o no
de la terra rara. Per altra banda, I’ZnO es va emprar com a contacte
transparent sobre una estructura de multicapes de nanocristalls de Si
(Si-NCs). Mitjancant estudis electrics en AC, es va poder modular
I’emissio d’EL de dit sistema. A més, la incorporacié d’una capa fina
de nitrur de silici a la interficie entre el substrat de Si i els Si-NCs va
permetre també millorar I’eficiéncia d’emissi6 EL d’aquestes
nanoestructures. Finalment, el sistema ZnO/Si-NCs ha mostrat
propietats de commutacio resistiva i emissio EL de forma simultania,
aquesta ultima depenent de ’estat resistiu del dispositiu.

En resum, la relacié entre les propietats electro-optiques i les de
commutacio resistiva en els materials estudiats permet obrir les portes
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a nous dispositius amb dos estats resistius que puguin ser llegits tant
eléctricament com opticament.
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