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Resumo

Os compostos nanolaminados sdo estruturas multicamadas nanométricas que combinam mate-
riais e que permitem a manipulacdo de propriedades fundamentais, que tipicamente ndo estio
disponiveis nos materiais base, através do controlo da espessura e composicdo das subcamadas,
bem como a estrutura geral. Este trabalho estabelece uma primeira abordagem para posterior
desenvolvimento de contactos seletivos. Assim, foram estudadas camadas individuais e nanolami-
nados baseados em SiO;, SizNy, TiO;, ZnO, e HfO,, de modo a analisar o seu potencial como con-
tactos seletivos para eletrdes em células solares Cu(In,Ga)Se, (CIGS). As amostras foram deposi-
tadas recorrendo a técnicas com aplicabilidade industrial (Deposi¢ao Quimica na Fase de Vapor
assistida por Plasma e Pulverizacdo Catédica com Magnetrdo) e as suas propriedades fundamen-
tais foram examinadas através de técnicas de caracterizacdo avangada. Medidas de Espectroscopia
de Fotoeletrdo de Raios-X permitiram determinar desvios na composicdo das camadas individu-
ais amorfas: SiOj7, SiOg,Nj 9, TiO;y1, ZnOgy7, € HfO 3. As varias técnicas de caracterizacio
envolvidas demonstraram a presenca de multi-camadas, no entanto, com valores de espessura
diferentes dos valores pretendidos. Foram observados desvios na composi¢do dos nanolamina-
dos, relativamente as camadas individuais, o que origina altera¢des nas propriedades de transporte
elétrico. Assim, € necessdria uma otimizagao dos métodos de deposicao utilizados, de forma a
permitir uma manipula¢do meticulosa. Na andlise por métodos 6ticos, a aproximacdo de meio
efetivo nao descreve todos os nanolaminados, contudo o indice de refracdo foi manipulado com
sucesso para valores compativeis com a integragdo numa célula solar CIGS. Um nanolaminado
com repeti¢do dupla (5:10 nm) ZnOy-TiOy apresentou um desfasamento na banda de condugao de
1.2 eV enade valénciade 1.7 eV, em relacdo ao CIGS. Adicionalmente, foi observada uma elevada
capacidade de passivacdo de lacunas por efeito de campo que, em conjunto com os desfasamen-
tos da estrutura eletronica, origina uma camada capaz de bloquear lacunas e um melhoramento
na seletividade de eletrdes. O desenvolvimento de dispositivos permitiu estudar as propriedades
elétricas e debater as limitagdes aquando da sua integracdo. No entanto para um estudo completo,
é necessdrio a otimizacdo de tais dispositivos. Com este trabalho, foi estabelecida uma diretriz
para o desenvolvimento de contactos seletivos, baseados em nanolaminados. Os resultados deste
trabalho monstram a possibilidade de manipular propriedades fundamentais, abrindo a porta para
a criacdo de materiais a la carte.

Palavras-Chave - Nanolaminados, Contactos Seletivos, Nanofabricacido, Caracteriza¢io

Avangada, Dispositivos Optoelectrénicos
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Abstract

Nanolaminates are compounds based on nanometric multilayered materials that allow for tailor-
ing of fundamental properties, otherwise not available by individual layer materials, through the
manipulation of sublayers composition, thickness, and design. The present work establishes the
first approach, to further develop customized electron selective contacts based on nanolaminates.
Thus, individual layers and complex nanolaminate systems based on nominal: SiO;, Si3Ny, TiO»,
Zn0O, and HfO, were studied, in order to understand their potential to be integrated as an electron
selective contact in Cu(In,Ga)Se, (CIGS) solar cells. For this purpose, fundamental properties
were scrutinized through advanced characterisation. The samples were deposited via industrial
compatible techniques, Plasma Enhanced Chemical Vapour Deposition and Magnetron Sputter-
ing. Deviations in the elemental composition, determined by X-ray Photoelectron Spectroscopy
(XPS) analysis, indicate amorphous single layers of SiOy 7, SiOg 2Ny g, TiO2 1, ZnOq 7, and HfO; g
Moreover, XPS and Scanning Transmission Electron Microscopy results point to variations in the
sublayer thickness in comparison to the nominal values and as well as a multilayer structure in
the nanolaminate. Regarding composition, deviations were observed in the nanolaminate samples,
compared to the individual layers, which lead to distinct conductive behaviours. Hence, the used
upscale deposition methods need to be further optimized in order to provide meticulous control of
the sublayers for efficient nano tailoring. From an optical point of view, the effective medium ap-
proximation does not provide an accurate description for all the studied nanolaminates. However,
the refractive index was successfully tailored to a range compatible for integration in the aimed
solar cell architecture. A two times bilayer 5:10 nm ZnOx-TiOx nanolaminate presented an elec-
tronic surface structure with an 1.2 eV conduction band offset for CIGS, and a valence band offset
of 1.7 eV. Furthermore, a high hole field-effect passivation was obtained, in combination with the
valence and conduction band offsets, this leads to an efficient hole blocking layer and improved
electron selectivity. Custom devices developed to characterize the electric properties nanolami-
nate’s, show no clear results, although, it is important to customize those to a specific objective.
This approach allows to discuss possible working limitations of the nanolaminates structures when
integrated in optoelectronic selectivity. Furthermore, these devices need to be further optimized in
order to fully describe the electrical behaviour of the nanolaminates. In this work, a roadmap to
selective contacts based on nanolaminates is given. The results of this work indicate the possibility
of properties tailoring, allowing for materials a la carte.

Keywords - Nanolaminates, Selective Contacts, Nanofabrication, Advanced characterisation,

Optoelectronic Devices
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Introduction

Now, more than ever, an economically efficient clean energy employment is of most impor-
tance. The continuous increase in energy demand boosted by the technological progress, the
growing population on earth, the present climate crisis, and environmental degradation call for
a commitment to change our way of life. The urge for both, sustainable and efficient energetic
sources is a true challenge for the scientific community. The faster way to answer the aforemen-
tioned requirements is to go through the existing technological portfolio and update it. There is
knowledge about the weak points, problems, and setbacks of the state-of-the-art technology. Thus,
they must be explored and, hopefully, improved. In this framework, optoelectronic solutions that

boost Energy Transition Technologies through stability and performance are required.

1.1 The Power of Materials Design

The 21% century brought unparalleled challenges to Materials” Science in different technolog-
ical domains. Over the past years, there has been an increasing demand for the development of
novel material concepts, while classical materials tend to be less requested. Thus, what if we could
be able to design and develop materials with tailored properties for a specific application? Is it
tailoring the pathway that materials should take? Is it even possible? Too many questions that
certainly the scientific community will have answered in a couple of years.

Combining solid-state physics and chemistry, Material’s Science studies the relation between
the material’s properties and the its composition and structure. This powerful branch of science has
therefore searched the backbone of material’s applicability. Before the technological integration
of any material, it is essential to know its fundamental properties and understand its response to
different circumstances. Hence, the development of devices that study a specific property, in a
set of conditions, should be coupled with the established techniques that study the fundamental
properties, in order to have a complete characterisation. Single material properties (bulk) have
been studied for decades and a significant amount of research has been conducted from both the

theoretical and the experimental point of view. [[1]
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The use of single materials can be technologically useful, but if a substantial quantity is
needed, it can be critical. The raw material shortage is a reality due to the high market demand
and incorrect disposal of obsolete everyday equipment. [2] The life cycle of such raw materials
can be modified, even though this solution is not a long term one, and new ways to use more
abundant materials or/and reduce consumption are required. Nanolaminates, a low dimensional
concept created from multiple layers of two or more materials with naometric thicknesses, have
been gaining momentum. [3 4, 5, 6] This new way of creating materials offers significant im-
provements over the use of individual layer materials as sublayers. [7] Nanolaminates properties
are highly tunable depending on the composition of each material and on the thickness of the sub-
layers, where the interface characteristics between those sublayers are a determinant agent. [[18]]
Nanoscale developing tools allow for materials tailoring at an almost atomic scale, and so achieve
extraordinary tunable properties. Depending on the tailored property (mechanical, thermal, op-
tical, electrical), the applications can be diverse as sensors to energy storage materials, coatings,

electronics, photovoltaic cells. [18]]

Unquestionably, [Photovoltaic (PV)|technologies will play a key role in the energy transition.

[8]. The PV generation cost is significantly linked with the power conversion efficiency value. [9]
Thus, as for other renewables, PVs need additional development in order to increase their perfor-
mance, to ensure scalability and to further decrease their costs. [Cu(In,Ga)Se, (CIGS)|solar cells

appear, albeit with a small PV market share [[10]], with demonstrated laboratorial scale potential

that outperforms their thin film solar cells counterparts. A major need of CIGS technologies is
the development of efficient, stable, and non-toxic selective contacts. Efficient selective contacts
incorporation in CIGS cells will allow for the use of an absorber layer, avoiding the use of toxic el-
ements such as cadmium (Cd), as well as increasing its performance. CIGS devices with thickness
of 490 nm have reached 15.2% [l11]], which is far behind that of 23.35% [12] obtained for thin film
technology. Thus, further efficiency improvements in CIGS ultrathin technology will necessarily
be linked to two key factors: (1) reduction of electrical and optical losses at the interfaces of the
absorber layer, requiring an excellent interface passivation, and (2) an efficient selective carrier

separation and extraction.

1.2 NOA at INL

The Nanofabrication and Optoelectronic Applications (NOA) group is one of 24 groups that
form the International Iberian Nanotechnology Laboratory (INL). Located in Braga - Portugal,
INL is a Portuguese and Spanish governments founded entity with an international legal frame-
work. With the nanotechnological scope in mind, interdisciplinary research and diverse collab-
orative international and industrial projects are done on this space. The work activities are cen-
tred on six key clusters: Clean Energy, Foodture, Precise Personalised Healthtech, Smart Digital

NanoSystems, Sustainable Environment, and Advanced Materials and Computing.
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The NOA group, founded in 2017, is inserted on three clusters: Clean Energy, Sustainable En-
vironment and Advanced Materials and Computing. The work done is focused on the incorpora-
tion of nanotechnology in optoelectronic devices with a strong industrial and innovation potential.
Bottom-up nanofabrication and characterisation of optoelectronic materials and devices are some
of the group core competences and the CIGS solar cell is a big focal point. Although, from 2021
NOA as expanded into energy storage (Project Baterias 2030), functional coating applications,
and industry services/projects.

At the time of this work, NOA counted with around fifteen main elements, from Research
Fellows to PhD and MsC students, but during the year it welcomes many undergraduate students
in winter or summer internships. Close relations with some international and national universi-
ties and laboratories allow a grand exchange of knowledge and experience, and provides great
opportunities for group members. NOA’s work can be seen in various published articles, some
of them being journal’s cover material. For more information, the INL official website is avail-
able athttps://inl.int/ and more information about NOA can be found https://inl.int/

micro-nanofabrication/nanofabication-optoelectronic-applications/.

1.3 Objectives

The end goal of this work is to establish a roadmap to develop customized electron selective
contacts, based on multilayer systems - nanolaminates, to be implemented on optoelectronic de-
vices. To achieve such an ambitious goal, individual layers and complex nanolaminated systems,
of materials chosen based on their tabulated properties, were deposited and fully characterized
in an interactive dynamic way to unveil and explore the potential of the studied nanolaminates,
specifically as selective contacts.

In this work, multilayer systems based in SiOx, SiNy, TiOx, ZnOy, and HfO, were studied,
as well as their single layer counterparts, in order to be potentially integrate as selective contacts
in CIGS solar cells. An in-depth fundamental study of structural, elemental composition, optical,
electronic, and electrical properties was conducted.

This Thesis gives the fundamentals properties and guides the exploitation of novel nanolami-
nates for optimization and incorporation in final technology, following its singular challenges and

demands.

1.4 Thesis Overview

This Thesis is divided in five main Chapters. Chapter 1, Introduction, presents the motivation
that leads to the development of this work, and the defined objectives. Also, NOA and INL are
presented. Chapter 2, State-of-the-Art, provides an introduction of nanomaterials, specifically,
the nanolaminate concept is presented, described and a brief review of the possible applications is
given. Regarding the nanomaterials applications in optoelectronic devices, the CIGS based solar
cells are overviewed, and then, the selective contact notion is explained, followed by a discussion

of the necessary requirements for such technology. A review of the implemented hole and electron
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selective contacts is also given. To conclude, the chosen materials are presented, accompanied by
the reasons for such choice of materials. In Chapter 3, Experimental Details, all the processes
and techniques used are detailed. Firstly, the deposition methods are exploited, and their condi-
tions presented. Afterwards, a description of the nanofabrication procedures and techniques used
is done. The fabrication process of the devices is also shown and explained, step by step, and a list
of such devices is provided. Furthermore, the characterisation techniques for structural, elemental
composition, optical, electronic, and electrical properties are detailed, and the measuring condi-
tions shown, together with the equipments used. Chapter 4, Results and Discussion, reveals the
obtained results and data, accompanied by the corresponding discussion. It starts by presenting
the structural characterisation, followed by an estimation of the samples elemental composition.
Afterwards, the optical and electronic properties are studied; finally, the electrical characterisa-
tion is presented. In Chapter 5, Conclusion, the conclusions of this work are drawn and future
work is proposed. Moreover, in the Appendix, supplementary information is provided in order to

complement the results and discussion of Chapter 4.
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State-of-the-Art

The interest in atomic scale nanomaterials boomed in 2004, when Novoselov et al. successfully
synthesized, by scotch tape exfoliation, a monolayer of graphite, graphene, which demonstrated
excellent physical and chemical properties, such as large charge carrier mobility, excellent thermal
conductivity, and broadband optical absorption. [13]. Since then, many studies have been carried
out to exploit materials consisting of mono- and few atomic layers and, more recently, a renewed
interest in layered structures has appeared. Such material advancements have been considered the

building block for the next generation of optoelectronic devices.

Before discussing results or reaching any conclusion, it is necessary to understand what is
a nanolaminate, what are the benefits and possible applications, and fully grasp the notion of
selective contacts. The current Chapter provides a base and presents a broad overview of published
results of nanolaminates and selective contacts. Additionally, the choice of materials used in this

work is discussed.

2.1 Nanomaterials

Nanomaterials have been synthesized and characterized for the past decades, due to their mul-
tifunctional properties that might differ from the bulk ones. [14] For example, when a semicon-
ductor and a metal suffer a size reduction from bulk to a nanoparticle, a significant change in the
electronic structure is observed, which, in the limit, lead to the properties of an insulator and of a
semiconductor, respectively. [15] A nanomaterial can be classified as N-dimensional, being N = 0,
1, 2 (OD, 1D or 2D). Generically, a nanomaterial is N dimensional if it has 3-N nanoscale dimen-
sion(s) and N much larger dimension(s). [16] A nanoscale material, ranges from between 1-100
nm, and can be created as an individual nanostructure, or as a collection of individual nanostruc-
tures. Quantum dots, nanocrystals, or nanoparticles are examples of 0D individual nanostructures,
nanowires and nanotubes of 1D, and nanosheets of 2D nanostructures. [14] The integration and
development of individual or complex nanostructures tends to provide unique properties, which
are in great demand for improving current technology and to designing the next nanotechnology

generation.
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2.2 Nanolaminates

Nanolaminates are a class of nanomaterials in which the individual nanostructure is a 2D layer
with thickness ranging for one to tens of nanometres. Two or more alternate 2D layers (sublayers)
can be used to build the nanolaminate system. [17] A simple two material nanolaminate system
is schematically shown in Fig. [2.I] The combined sublayers A and B form a bilayer. Then,
the bilayer is repeated a number of times to form the nanolaminate system. Thus, nanolaminates
are fully dense nanometric multilayered combined materials, that can be designed to enhance
the fundamental properties of the individual materials used as sublayers. The properties of this
heterostructure layered materials can be attained through a meticulous control of layers’ thickness,

composition, arrangement, where the interface characteristics between sublayers are determinant.

(18]

Sublayer A
Substrate

Figure 2.1: Representation of a nanolaminate system consisting of two materials, A and B.

Contrary to the bulk composites, the nanolaminates properties cannot be predicted by the
rule of mixtures (weighted mean with the volume fraction). Instead, the key factors in this de-
termination are the individual layers thickness and interfaces. [19] Therefore, when designing
nanolaminates, one can estimate the final properties or the necessary individual layer’s thickness
to achieve a required property. This seems very simple and easy. However, in practice the mate-
rial’s interaction may not strictly follow that rule, especially if the layers thicknesses are tend to
an atomic layer. For instance, considering polycrystalline materials, interfaces comprise less than
0.01% of volume, nevertheless, they play a critical role in properties. Then, nanolaminates
with a high interface/layer density should reveal significantly different properties from those of

the bulk materials.

[Atomic Layer Deposition (ALD)|is a commonly used deposition method in the fabrication

of nanolaminates, as it allows to develop them with incredibly small thicknesses and atomic pre-
cision, while still being able to coat a large area and maintaining high uniformity. ALD uses
sequential self-terminating surface reactions if the chosen chemistries are adequately behaved,
and allows for a wide variety of precursors. [21]] For lab-scale, temporal ALD is preferable, for
upscaling, spatial-ALD becomes the choice, due to its high deposition rates. Although, other

methods as thermal evaporation, pulsed laser deposition, magnetron sputtering, chemical vapour

6
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deposition, electrochemical deposition, etc. can also be used. [18] Then, Chapter (3| discusses
additional challenges to produce nanolamintes in more detail, and the deposition method choice.

The applicability of the nanolaminates depends greatly on material’s choice, schemes used,
and integration. In the remaining part of this Section several nanolaminates results with distinct
applications are presented and discussed in order to show the potential of this material concept.

So far, metallic based nanolaminates were explored mostly for mechanical applications, where
properties like hardness-yield strength, elastic modulus, ductility, fracture behaviour, among others
are explored. Hardness is recognized as the most tailored mechanical property through nanolam-
inate systems. Ultra-high hardness can be obtained when the individual layer’s thickness is lower
than the slip-plane dislocation length value. [[19] The most impacting factors on mechanical prop-
erties are the layer thickness, crystallography of each layer, combination of constituent phases,
structures, and properties of interfaces and grain morphologies. [23]]

Due to the complex layered structure and versatility of the design in the nanoscale or even
sub-nanoscale, nanolaminates have great potential to explore nonlinear optics behaviour and be
used as metamaterials. [24] Metamaterials are a well-known material class due to their unique
interaction with electromagnetic waves, which may allow for a large, fast, and broadband linear
(negative refractive index, hyperbolic dispersion, etc.) or nonlinear response (light modulation
on the GHz range, optical gates, etc.). [25] For a simple illustration, Alloatti et al. showed that
a ABC-type nanolaminate (A = aluminium oxide (Al,O3), B = titanium oxide (TiO;), and C =
hafnium oxide (HfO;)) can be designed with 12 ALD deposition cycles and 25 trilayer repetition,
to achieve second order nonlinearity, while a simpler two material nanolaminate (AB, BC, or AC)
cannot. Also, if the samples are created with thinner layers or with more materials, higher order
nonlinearities can be achieved. [25]]

A simpler optical application of nanolaminates is transparent coatings, in energy efficient win-

dows (Anti Reflective Coating (ARC)|or infrared reflectors). One common problem with this type

of coating is that a material may have the proper transparency, however, lack mechanical integrity
and flexibility, or vice versa. Although, the combination of such materials on a nanolaminate
structure may merge both properties. A nanolaminate system of TiO, and silicone (SiOxNy) can
be designed, in different architectures, to work as: a transparent Bragg Mirror (BM) and an ARC.
Three different BMs were developed in a three layer (TiO2/SiOxNy/TiO,), with distinct sublayers
thickness values, configuration to exhibit high transmittance in a specific wavelength range (blue,
green, and yellow), showing that by varying the sublayers thicknesses it is possible to achieve
different characteristic. The transparent five alternative layer ARC, created on a TEC-15 glass
substrate, showed a gain of 3 to 4% in transparency when compared to an uncoated TEC-15 glass.
Then, when deposited on a flexible device, no cracks or deformations appeared after an exten-

sive bending test and encapsulation capabilities were additionally obtained (harsh environment

protection). [26]] A similar approach was developed using [Al,O3 and TiO, nanolaminate (ATO)|

With a polymer caping layer, to provide efficient transparency, structural rigidity, passivation,
and encapsulation for a red phosphorescent organic light emitting diode (OLED). [27] An ATO

' ATO-laminate is the most successful binary combo used in nanolaminates for electronic and super-capacitors ap-
plications.
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nanolaminate was also used on a n-type silicon (Si) solar cell to protect the Al,O3 passivation
layer from humidity, since this layer outperform when exposed to moisture. [28] Two different
stacks were studied: Al,O3/ATO/TiO, and Al,O3/TiO,/ATO. It was concluded that the 20 nm
total thickness ATO nanolaminate, with 1.1 nm Al,O3 and 0.9 nm TiO, sublayers thickness, must
be the capping layer, because it does not allow the humidity flow to the grain boundaries of the
thicker TiO? layer below.

Besides being a part of the optoelectronic device, a nanolaminated can also be the main ele-
ment. A metal oxide semiconductor light-emitting device (MOSLED) capable of providing red

(613 nm) electroluminescence, although with an [External Quantum Efficiency (EQE)| of 5.47%

and 0.14% |Power Efficiency (PE)| was designed with two nanolaminate systems in their struc-
ture: Al doped ZnO (AZO)/ATO/Al,O3-europium oxide (EuyO3) nanolaminate/Si/aluminium

(Al). (see Fig. 2.2) The ATO nanolaminate was introduced as a transparent and protection layer,

and the Al,03-Eu;03 one as the main electroluminescence source due to the trivalent europium
ions (Euszy). [29]

Qe Qua oo
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Figure 2.2: Scheme of the MOSLED structure, based on two nanolaminated systems. (From [30]).

Considering microelectronics applications, the current state-of-the-art gate transistors requires
thinner and thinner high-k (&, - dielectric permittivity). Although the fingstrb’m range thick-
ness can be reached, the materials start to lose dielectric properties and suffer from a diminished
bandgap. The introduction of nanolaminates with morphotropic phase boundaries (MBS), zones
where coexist different ferroelectric phases, can be advantageous, because near these zones it is
possible to increase € without degrading the bandgap (E,) energy value. [30] Kahir ef al. demon-
strated this in a HfO, and zirconium oxide (ZrO,) nanolaminate with enhanced &, of 64, when
compared to individual layers &, of 25, while maintaining the around 6 eV bandgap. When there
is no constraint, as the before E, energy value, a nanolaminate system involving sublayers of two
binary metal oxide with relatively low-¢, value can suffer an exponential &, increase. Despite
the Al,O3 and TiO; &, value close to 9 and 95, respectively, a 1:3 Al,O3/TiO, with sublayer’s
thickness values less than 0.5 nm achieve &, values of approximately 1000. [31]

In micro-electro-mechanical systems (MEMS), nanolaminates were also used to produce ef-
ficient micro-chip initiators that radiate and conduct heat and energy in a very rapid way. These
micro-chips have a metal-interlayer-metal (MIM) configuration, in which the interlayer is a re-
active multilayer film (RMF). RMFs based on Al and copper oxide (CuO) nanolaminates were
intensely investigated to achieve the optimized architecture, and an initiator with faster ignition
(less than 1 ps) than the typical Al film initiator (2-4 us) and long flame duration (260 us) was
reached. [32] Also, in RMF Al and molybdenum oxide (MoQOj3) nanolaminate study was found

that a structure with more oxide than metal provides a more energetic reaction of 613.0 J/g, faster

8
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ignition, highest duration of 600 us and bigger flame area of 9.56 mm?. [33]

Concerning solar cells application, in n- and p- type float-zone Si (fz-Si), nanolaminates have
also been implemented to perform symmetrical and conductive passivation. [34] The first one pas-
sivates the solar cell front and rear side with the same material or structure, and the second one, is
similar to symmetrical passivation, although the layers used are conductive, so it is not necessary
to introduce contacts, because the layers act as a full area contact - this can be considered as selec-
tive contact. For symmetrical passivation, a thinner 0.60 nm layer of HfO, or 1.25 nm Al doped
silicon oxide (Al:SiO;) was needed to provide negligible fixed charge passivation (null density of
fixed charges) when compared with a simple 1.3 nm SiO; layer, and the best performance was
attained with a HfO,/Al,03 (1.2 nm HfO, interface layer) double layer with effective minority
carrier lifetime above 1 ms. [34] No current density was measured in this configuration because
conductivity was not a requirement. For the conductive passivation, the best balance between con-
ductivity and passivation was a 5 nm Al,O3/15 nm TiO, double layer with a current density of
about 0.5 mA/cm? at 10 mV and a carrier lifetime of about 20 ms. If no Al,O3 passivation layer
was introduced in the bilayer structure (meaning a 20 nm TiO; layer), a carrier lifetime of 10 us
and approximate 1 mA/cm? current density are obtained. On the other hand, if only a 20 nm Al,O3
passivation layer is applied provides, 5 ms of carrier lifetime and 10® mA/cm? are registered. [35]
Hence, it is clear that a nanolaminate system can successfully combine two desired properties,
while the individual materials can only provide one of them.

The nanolaminates results presented here show the practical applicability and potential of
this nanomaterial approach. However, these are a small sample of the whole picture. Most of
the papers published about nanolaminates are an extensive study of the structural, mechanical,
optical, and electrical properties that these materials exhibit. These papers were not referenced
here, because the point of this Section was not to do a vast review but to illustrate the development
and implementation of nanolaminates. Fig. shows the evolution of published papers on this

subject, there are no doubts on the growing interest in nanometric multilayer systems.
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Figure 2.3: Evolution of the published papers evolving the words “nanolaminate”, “heterostructure”, “multilayer”,
“multi-layer” OR “multi layer(s)” AND “nanometric”, “nanoscale”, “nano scale” OR “nano-scale”. Data obtain from
Scopus website E}and consulted on 28 September, 2021. The number of publications in 2021 (blue) is almost the same

as in 2019, but it is expected that it will surpass the 2020 value.
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2.3 Applications

2.3.1 CIGS Solar Cells

CIGS solar cells, are heterojunction technology inorganic thin film PV cells based on the CIGS
absorber. The CIGS alloy has a I-III-VI chalcopyrite structure being the p-type component of
the heterojunction technology. Due to the elements that compose the absorber, this solar cell
concept exhibits excellent optoelectronic properties: tunable direct bandgap with energy values in
arange of 1.02~1.67 eV, high absorption coefficient value ( >1x10° cm™!), 3D symmetric carrier
transport, and excellent thermodynamic stability. [36]

The current state-of-the-art of CIGS based solar cells architecture is typically made up of a

substrate and five layers. First, the absorber is grown on a metallic contact, usually a molybdenum

(Mo) coated|Soda Lime Glass (SLG)|substrate, and this can be done in a wide variety of methods,

which may be classified in three main categories: (1) co-evaporation, (2) selenization of vacuum
deposited metallic precursors, and (3) non-vacuum techniques. Then, since the CIGS subtract
acts as a p-type semiconductor, it is necessary to add at the top of it a n-type layer that completes
the heterojunction. Thus, following the CIGS growth, a chemical bath deposition of cadmium

sulphide (CdS) is performed. For the solar cell to be complete and display high efficiency, an

intrinsic zinc oxide (i-ZnO) and a AZO layers are added to form a[Transparent Conductive Oxide]

[[(TCO)] to function as an optical window. [38] A scheme of a CIGS solar cell structure is presented
in Figure

SLG

Figure 2.4: Schematic representation of a CIGS solar cell, where the different layers are distinct. Also, it is possible to
observe the ”U” shaped front contact.

Across the years, this technology has attracted the research community’s attention due to its
appealing properties and industrial applicability. Therefore, many advances have been made,
mostly focused on improving the CIGS layer, through compositional adjustments and doping.
[39, 40, 411, 42| '43]] Nevertheless, the CIGS based solar cells architecture has not changed since
the 80s and several improvements can be employed. [44] At the present date, a 23.35% high-
est efficiency value for a thin CIGS solar cell was reported and with no CdS layers, which is a
problematic component due to the Cd toxicity. [12]
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Hence, the main focus can be redirected to improve the architecture and replace problematic
sections, such as the CdS and Mo layers where the latter is a poor reflector. One path to alter these
solar cells, is to develop ultra-thin devices (thickness below 500 um) that may allow flexibility
and consume less raw materials. [45] Although with promising results, there are critical points in
ultrathin cells: (1) it requires excellent optical management due to the smaller optical path length
and (2) the interface recombination becomes a major loss mechanism. [46,/47] To deal with light
management different strategies can be taken [46] and the common way to prevent recombination
is to introduce a passivation layer between the contact and the absorber. [47,148],149,150,151]] Despite
beneficial, these solutions are not sufficient, in the way that they do not solve, for example, the
CdS and Mo problem. It is required to start from scratch and develop a contact that provides

passivation and carrier extraction - Selective Contact.

2.3.2 Selective Contacts

Selective contacts, also known as heterocontacts or passivating contacts, are structures that pro-
vide passivation and, at the same time, operate as contacts for excellent carrier extraction. [52]]
Designing a contact with excellent carrier extraction is not trivial. The selective contact cannot
just have high conductivity for both charge carries. An asymmetry that allows for one carrier
type to pass while the other is blocked leading to charge separation, is necessary. This is called
Selectivity. Thus, an electron selective contact must allow the transport of electrons (majority
charge carriers), while block the holes (minority charge carriers), and vice versa for the hole
selective contact Moreover, there are several other properties that a selective contact should
present to be integrated in an efficient solar cell, naming: passivation, adequate optical constant,
low-contact resistance, chemical stability, diffusion barriers, among other specific properties.
Selectivity is accomplished through a suitable band alignment, as depicted in Fig. 2.5] In
a selective contact, the offset between the majority carrier band (conduction band for electrons
and valence band for hole) and the respective device band should be minor so that they have high
conductivity; while for the minority carriers the band offset should be large enough to work as
a barrier and block its transport. [53]] To achieve the required band offsets, two main type of
materials can be used: high bandgap materials with asymmetric band off-set or high and low work

function materials. [54]]

3Note that the terms majority or minority charge carriers refers to the carriers in and at the vicinity of the contact,
not in the whole optoelectronic device.
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Figure 2.5: Band diagram representation of a flat band optoelectronic device with and electron (n) and hole (p) selective
contact (SC). The conduction (E¢) and valence (Ey) band and respective difference, the bandgap (Ej), are represented.
Majority charge carriers can be transported in the, respective, selective contact, while the minority charge transport is
blocked, no matter what type of transport. The contacts thickness is sufficient to do not allow tunnelling.

Passivation, minimization of the recombination losses, is implemented on solar cells by the in-
troduction of a passivation dielectric layer between the absorber and the contact. Although benefi-
cial, these nonconductive layers add complexity since local contacts are required. [53] Passivation
can be accomplished by two ways: (1) chemical passivation or (2) field-effect passivation. Dielec-
tric materials usually provide both types of passivation. Chemical passivation reduces the active
recombination centers, leading to a low value of active trap density (D;;). Field-effect passivation
diffuses the minority charge carriers and alters the electron and hole concentration at the surface
through intrinsic fixed charges in the dielectric layer. The impact of this type of passivation can be
quantified with the density of fixed charges (Qf). Thus, to design a selective contact three main
requirements are imposed: (1) Passivation, (2) Conductivity, and (3) Selectivity. Although they
may seem independent from one another, they are not. Onno et al. showed, by PC1D simulations
EI, that passivation and conductivity are necessary and sufficient (because implies selectivity) in a
full area contact for a solar cell, but the reciprocal it is not true, a selective contact can have selec-
tivity but can lack passivation or conductivity. [55] So, selectivity is necessary, but not sufficient

for high efficiency solar cells.

The applications of selective contacts are many and diverse. Although, at the current time
most of the applications and published results are in Si solar cells. Fig. [2.6] presents a graphical
view of the band alignment of some selective contact candidates, several of the described in the
following subsections. The remaining part of this Section serves as two small reviews of some of

the existent electron and hole selective contacts.

4One-dimensional semiconductor device (PC1D) simulator is the most commonly used and regarded as the industry
standard for photovoltaic simulations.
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Figure 2.6: Band offsets graphical representation of various materials in respect to c-Si. Depending on the offset
value, the materials can be divided in different categories with distinct applicabilities. Note that these values are only
representative, since the actual values have many dependences and need to be accurately determined. [55]

The research on organic solar cells has provided to the PV technology a considerable knowl-
edge on carrier selective materials. Hybrid solar cells combining organic hole transport layer such
as PEDOT:PSS with crystalline Si (c-Si) absorber has generated promising results but air and ul-
traviolet stability of the selective layers remain, even now, a major concern. [S6] Another kind of

materials that have been extensively explored as efficient carrier selectivity in solar cells were the

[Iransmission Metal Oxide (TMO)| which combine an extensive range of electron affinity, a high

work function, high transparency and a semiconductive behaviour (n- or p-type) determined by
susceptibility in their stoichiometry. [57] Since TMOs are more stable than their organic counter-
parts, and due to it aforementioned features, these oxides have been explored to be incorporated

in silicon heterojunction (SHJ) architecture.

Perovskite solar cells are one of the more recent driving forces in the development of selective
contacts, since they require two charge carriers transport layers in their structure. [S8|] These
layers commonly referenced as hole and electron transport layers (HTL and ETLS, respectively),
are mandatory to exist in the perovskite solar cells, since their efficiency is based on the charge
selectivity of such layers. [S9] Common HTL can be formed with organic (molecular, polymeric
and organometallic complexes) or inorganic (as TMOs and halides) compounds, while ETL are
build with organic, inorganic or composite materials. [[60] The most employed inorganic ETL is
the TiO, material, in the compact and mesoporous form, although ZnO as emerged has an excellent
TiO; replace due to the good transparency. [59] Moreover, recently tin oxide (SnO;) has arisen as
new and better ETL, because of its attractive optical and electronic properties, and its introduction
bring the perovskite solar cells efficiency close to the Shockley-Queisser limit. [58]] Nevertheless,

improvements at the interface and HTL level are still mandatory. [[60]]
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Hole Selective Contacts

One of the most investigated TMO for hole selectivity is MoOx. The introduction of a 4 nm
MoOx layer on a SHJ solar cell, achieves a 23.5% efficiency and 81.8% [Fill Factor (FF)| higher

than the reference (values not mentioned). It is stated that this thin layer protects the underlying

intrinsic hydrogenated amorphous Si layer ((i)a-Si:H), used for passivation, from sputtering dam-
age, provide the solar cell better transparency, and enhances its performance via high selectivity
and good charge carrier transport. [61]

Tungsten and vanadium oxide (WOs3 and V,0s5) have also been investigated as hole selective
contacts and directly compared with MoOy. All three TMOs have the correct electronic, structural,
and optical properties, to work as a front hole selective contact for a n-type Si solar cell and show
a substantial EQE improvement in 300 to 600 nm range. The solar cells with a 15 nm V,0s5

layer achieved a [Power Conversion Efficiency (PCE)| value of 15.7%, followed by MoOy with
13.6% and WOy 12.5%. [62]] Besides good results and relative high efficiency, the reference

heterojunction device with a-Si:H emitter performance was not surpassed (18.3% PCE). When
studied alone on n-type solar cells, it is concluded that a V,0Os5 contact is superior to the MoOy
one, the superior performance is justified by the open circuit voltage (V,.) enhancement, from 563
mV to 662 mV, as the V,0s layer provides better passivation on flat than random texturized solar
cells. [63]]

Anther TMO often used in optoelectronic devices is copper oxide (CuO or Cu;0). This mate-
rial has no toxic element, high chemical stability, abundant reserves, and is also a good candidate
for a hole selective contact. A 10 nm Cu,O layer and a 10 nm boron doped Cu,O layer (B:Cu,0)
were introduced in a c-Si solar cell. The boron doping improved the film transparency, hole den-
sity, and conductivity, but a decrease in the hole mobility was observed. To prevent Cu diffusion
into the silicon cell, a thin SiOx was introduced. The current density, V,. (114 mV, 290 mV and
370 mV), FF (29.2%, 40.1% and 40.6%) and efficiency (0.64%, 3.9% and 5.48%) values for the
Cu,0/Si, B:Cu,0/Si and B:Cu,0/Si0/Si, respectively, prove that the B:Cu,O layer provides the
required selectivity but may be missing passivation. [|57]]

TCOs, like indium-tin-oxide (ITO) and AZO, that provide high optical transparency and good
electrical conductivity, have also been studied for selective contacts. One of those TCOs is nickel
oxide (NiO) which is a p-type material with hole selective contact potential. A 30 nm NiO layer
introduced on a Si solar cell showed a 77.87% average transmittance in the 300 to 1100 nm range,
much lower leakage current than the ITO and AZO cases (proving a good replacement) and a
17.37% efficiency (almost double than without a layer - 6.73%). [64]

Electron Selective Contacts

Almost all selective contacts achieve optimum performance due to the band bending induce by
the material’s high or low work function. One selective contact developing approach used a thin
passivation layer with a low work function metal. Simulation results show that a thin layer of SiOx,
used to passivate the n-type Si solar cell with additional hole blocking capabilities due the high E,,

and a low work function metals (3.7-4.3 eV) can reduce the contact resistivity and the effective
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barrier height. Additionally, if a MoOy layer is added a theoretically 21.8% efficiency can be
achieved. [65] The SiOy layer may have some selective contact qualities, nevertheless they are not
optimum. Hence, in the before SiOx and a low work function architecture, a layer with the correct
selective contact electronic structure must be added. Various complex structures of (i)a-Si:H,
SiOx, SnO, and low work function metal were investigated. The best performance of 18.35%,
when compared with the lowest 15.53%, was achieved with the (i)a-Si:H/SiO/SnO;/magnesium
(Mg) in which the first two layers provide passivation and the remaining selectivity, while low
contact resistivity when compared with other results. Moreover, with the increase of the metal
work function the efficiency is degraded. [60]

A selective contact constituted by magnesium fluoride (MgF,) and Al layers was proven,
reaching a 20.1% efficiency and low contact resistance on n-type Si solar cell. Although, it was
necessary to add an (i)a-Si:H layer between the Si and the MgF, due to poor passivation perfor-
mance (only 15 us of minority carrier lifetime). [67] With a similar configuration, a TiO; can
function as an electron or hole selective contact depending on the deposition process and final
contact. [68] The selective contacts development done on Si solar cells can also be done on other
types of solar cells like CIGS. For example, on indium phosphide (InP) solar cell a simple 8 nm
tantalum oxide (Ta;Os) layer can enhance the PCE from 9.4% to 19.1% due to the favourable band
offsets.

Almost all the results presented lack passivation when only the selective layer is added, so it
was essential to add a layer capable to do so (typically SiOx or (i)a-Si:H). This layer is essential
because, as said before, a good selective contact must provide passivation, conductivity, and se-
lectivity. Without one of them, a maximized efficiency cannot be reached. Thus, the search for a

combination of materials that provides all the required properties is still ongoing.

2.4 Materials Choice

From the discussion presented beforehand, it is possible to acknowledge that the materials com-
bination is key to achieve the desire goal. So, the choice must be pondered and always be based
on the required properties.

Different cations involving elemental transition metals, post-transition metals, and metalloids:
hafnium (Hf), zinc (Zn), titanium (Ti), and Si were used in this work, and considered by the wide-
ranging set of features, mostly due to the massive diversity of compositions and structures they
may adopt. Their simplicity of binary matrix, compositional and structural diversity, offer flex-
ibility to tailor desirable fundamental properties, while presenting a high chemical and thermal
stability with excellent mechanical and optical properties. Binary oxides can mostly be divided
into two categories: dielectrics (Al, Ti, zirconium (Zr), Hf, niobium (Nb), Vb oxides, etc.) and
conductors/semiconductors (gallium (Ga), Zn, indium (In), W, Ni oxides, etc.). [18] Several of
these oxides are TMOs or TCOs, which are implemented in many portions of optoelectronic de-
vices, or high-¢&, materials [69] used in microelectronics applications, additionally, in solar cells,
chemical and biochemical sensors, reflective and protective coatings, among many others.

So, the materials used to develop the selective contacts based on nanolaminates were the fol-
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lowing: SiOy, silicon nitride (SiNy), zinc oxide (ZnOx), TiO, and HfOxE] The first two were
combined in binary nanolaminates and the remaining three also, with TiO, the common material.
This means that in this work were created SiOy - SiNy, ZnOy - TiO,, and HfOy - TiO nanolami-
nates. The first set was design since both materials are great passivators and due to high bandgap
value the nanolaminate may block holes while providing electron conductivity. In the second set,
both materials have an electron selective contact correct band offsets for Si, and possibly CIGS,
and relative high conductivity; the latter set was design as a intermediate of the first two, a material
with good passivation performance and one with the correct band structure and good conductivity.

SiOy is an extensively used materials on the microelectronics area, but it also applied in op-
toelectronics devices as passivation layer in Si and CIGS solar cell [[70] and ARC [71]]. SiNy is
the only non-binary oxide material used in this work, but it is often used in Si-based technology
[72, 73] and, similar to SiOx, can be applied to passivate [74] and on optical management strate-
gies [[71]. ZnOy is a n-type semiconductor and TCO with selective contact suitable band alignment
[53]], used as contacts [[75] for devices or optical windows [76]], including CIGS solar cells. TiOx
is a TMO already integrated in nanolaminate structures, as seen before, and has the potential as a
selective contact in Si solar cells [[77]. To finalize, HfOy is a high-¢, dielectric and TMO with pas-
sivation capabilities [[78| [79]], already employed on CIGS solar cells, and a possible replacement
for SiO, [80].

SNote that the established stoichiometric form of this compounds was not used because it was determined at the
beginning of this work, and it will be present in Chapter 4.
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Experimental Details

Deposition processes and characterisation techniques are of great importance in the pathway to
design new materials, mainly if multilayer systems down to a nanometric scale are considered. It
is indispensable to understand and crosslink, the mechanisms and fundamentals behind the pro-
duction of individual layers and their multilayers counterparts. Hence, a ”small” parameter can
have a big impact on the final result, and not be so ”small” after all. Thus, advanced characterisa-
tion continuous feedback is essential to study and comprehend the physics occurring in this novel
materials approach.

In this Chapter, individual layers and nanolaminate systems deposition methods, and home-
made devices fabrication process, are generically presented. Characterisation techniques used to
assess the morphological, structural, optical, and electrical properties of the studied samples, are
briefly discussed according to the requirements of the carried study. The following deposition
methods, fabrication procedures, and characterisation techniques were employed through equip-
ment available at INL, except the XRD analysis, which was carried out at the Trace Analysis and

Imaging Laboratory (TAIL) in the Physics Department of University of Coimbra.

3.1 Cleaning

To ensure that no properties are altered a substrate cleaning procedure is performed before
starting deposition or fabrication processes. The substrate is rinsed with acetone and then placed
on an ultrasounds acetone bath for 10 min. After that, it is again rinsed with acetone and dried
with a nitrogen (N) gun. The above steps are repeated two more times, with an isopropanol and
a deionized water solution. Additionally, the deposition chambers are also purged/cleaned before

each deposition, to prevent contaminations.
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3.2 Deposition

A significant number of nanometric multilayer systems were deposited in this work, based on
the material’s choice discussed in Section 2.4} SiOy, SiNy, ZnOy, TiOx and HfOx. Nanolaminates
systems are commonly fabricated by bottom-up methods and mostly by ALD. Despite being an
extremely attractive approach to create (sub-)nanometric multilayers systems, ALD is mainly a
lab-scale methodology, so to develop nanolaminates systems compatible with rapid integration

into existing PV technologies on the market, two industry ready bottom-up methods were used:

[Plasma Enhanced Chemical Vapour Deposition (PECVD)|and Magnetron Sputtering.

Regardless, PECVD and Magnetron Sputtering being based on chemical and physical reac-
tions, respectively, both techniques deposit the film by a vapour deposition process. Although,
the synthesis process of such vapour is very distinct. As with any technique or method, advan-
tages and disadvantages exist. PECVD is the most used deposition process in the semiconductor
industry, is versatile while being able to maintain control, but the reaction by-products are toxic.
Magnetron Sputtering can be applied to almost any material (metals, alloys, ceramics, polymers,
and dielectrics), while maintaining chemical composition, but the deposition can be time con-
suming. [81] Besides the disadvantages mentioned, both these processes allow to develop films
with relatively high density, conformal, low impurities and keep paramount properties to carry
out in sub-nanometric multilayer systems. [82] Applications of these methods can range from
electronics, photovoltaic devices, and sensors to energy [18]], indicating that PECVD and Mag-
netron Sputtering are well established in the industrial world and can be used to produce a new
technology based on nanolaminates if such is provided.

Developing bulks (individual layers) is as important as nanolaminates. Previously to study and
comprehend the properties and interaction between the different materials layers, it is necessary
to characterize the bulks and establish their standalone properties. Thus, the nanolaminate sys-
tems development must be complemented by SiOyx, SiNy, ZnOy, TiOx and HfOy individual layers

deposition.

3.2.1 Plasma Enhanced Chemical Vapour Deposition

PECVD is a common version of the [Chemical Vapour Deposition (CVD)| process class, in

which the working principle is identical for all versions. CVD uses a chemical reaction in a gas
phase to form a film. By introducing two or more volatile gases in a chamber and driving them to
chemically react, the desired solid compound is created and deposited onto the substrate. To keep
a constant pressure during the process and induce the required reactions, an inert gas, typically
argon (Ar), is constantly pumped into the chamber.

The simpler approach to induce the chemical reaction is to provide thermal energy by increas-
ing the chamber temperature, typically form 300-500 °C. However, this approach is not always
viable. The substrate or some compound in it may not survive such a high temperature. Here lays
PECVD advantage. Instead of using thermal energy, in a parallel plate’s configuration PECVD
the required activation energy is provided through plasma. By applying a high voltage (typically
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a|Radio Frequency (RF)/power supply a with working frequency equal to 13.56 MHz) between

the plates, the gases form a plasma through high energy collisions, and the chemical reaction is

initiated. Fig[3.1|shows a schematic of the PECVD deposition process.

Gases

| |
o] | NN

—Substrate

L
By-Products

Figure 3.1: Schematic configuration of a PECVD and the corresponding chemical reaction that occurs inside the
camber.

The PECVD method was used to deposit the SiOy and SiNy thin films. The equipment used
was a MPX CVD manufactured by SPTS Technologies, and works with the conditions presented
in Table @ To deposit SiOy, the precursor’s gases were silane (SiHy), and nitrous oxide (N,O),
while for SiNy, SiH, and ammonia (NH3) were used. The deposition rates used are listed in the
equipment and frequently calibrated by the PECVD responsible team.

Table 3.1: Silicon oxide and nitride PECVD deposition conditions used in this work. The deposition temperature was
around 300 ° C.

Material Power | Ist Gas Flow | 2nd Gas Flow | N, Flow | Deposition Rate
W) (sem) (scm) (scm) (nm/min)
i N>O SIH4
Si0x 30 1420 10 392 46.36
1 NH;3; SiHy
SiNe |30 55 10 1960 1115

3.2.2 Magnetron Sputtering

Sputtering is a high vacuum and low temperature process, classified as a|Physical Vapour Depo-|

In this technique, material atoms or clusters are ejected (”sputtered”) by high-energy
inert atoms (usually Ar gas) from a high purity solid target (over 99%) towards the substrate by

means of a direct current (DC) or RF plasma. [83]]

In a parallel-plate system, the target is connected to the negative and the substrate to the pos-
itive electrode of a power source, as schematically shown in Fig. [3.2] to create a high electrical
field. This electrical field ionizes Ar atoms present in the chamber, and accelerates them to the
target. The collision of such ions with the target ejects the material’s neutral atoms or clusters with

the same chemical composition, and redirects them to the substrate, where the deposition occurs.
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[81] The power source is typically DC for metals and RF for dielectrics. To improve the process,
magnets are added near the target, to magnetically confine the high energy ions close to the target
surfaces (magnetron sputtering). The substrate may also be spinning or moving side to side at a
constant speed to achieve a homogeneous deposition. A representation of such sputtering version

with magnets (Magnetron Sputtering) is also shown in Fig.

| ® Aratoms
Target atoms
4 ° « Secondary Electrons
— e . ’ ! Target
e 0 o, oo 9
o 0. % 9\ 0o | Vacuum
= pump
RF Source
— E— (- .5

Figure 3.2: Configuration example of a RF sputtering equipment and graphic representation of the physical process
occurring in a sputtering equipment.

Magnetron Sputtering was used to deposit ZnOy, TiOx and HfOx. Moreover, electrical con-
tacts of Aluminum-Silicon-Copper (AlSiCu with approximately 1% Cu, 5% Si and 94% Al), used
in home-made devices, were also produced by this method. ZnOy, TiOx and HfOx were deposited
in a Multi-target UHV Sputtering System manufactured by Kenosistec and the contacts were de-
posited in a Timaris FTM by Singulus Technologies. The deposition conditions are presented in
Table[3.2] The oxides deposition rates had to be assessed, because the ones listed on the equipment
were calibrated for thicker depositions and big deviations were experienced in the first depositions
attempts. To do a calibration for thin films, a deposition with a specific duration is made on a Si
substrate with several parallel permanent ink lines. After the deposition, an acetone cleaning is
done to remove the ink and the material deposited on top of it. The ink acts as a protective "layer”,
not allowing the material-substrate adhesion. The acetone cleaning exposes the Si substrate cre-
ating the zero reference. Then, a contact profilometer measurement is executed to determine the
film thickness. To finalize, the measured thickness is divided by the deposition duration.

Table 3.2: ZnOy, TiOx, HfOx, and AlSiCu Magnetron Sputtering conditions. The AlSiCu depostiton rate has different
units because the stage is moving relative to the target during the deposition. This deposition rate is called Dynamic, in

contrast to the others called Static, and reflects thickness deposited times the movement velocity. The stage velocity on
the Kenosistec is 10 rpm (spining motion) and on the FTM is determined by the required thickness (linear motion).

Material Target Size Source P(ox;er A(rs(ljrll?)w Delzg::/lr?llilnf){ate Tenzgegture
7Zn0Oy 2 in radius RF 60 20 0.439 RT
TiOy 2 in radius RF 60 20 0.137 RT
HfO4 2 in radius RF 100 40 2.080 RT

AlSiCu | 420x110 mmy DC 2250 200 632 nm-mm/s Over 100
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Table summarizes the fabrication process of the studied monolayers and nanolaminate
systems. It is divided by samples set, the corresponding deposition method and architecture char-
acteristics are presented. Onward, any nanolaminate systems is referenced as sample ”SSxx”, in
which ”SS” is the set, ”xx” the sample number. For easy remembering, the sets names are the ma-
terials combine initials in the corresponding order and the sample’s number unit part corresponds
to the bilayer repetition (0 to individual layers, 1 to two layers, 2 to four layers systems, etc.)
and the decimal part, if existing, is the samples identification inside that set and specific bilayer

repetition. If the number is an integer, no similar system exists in that set.
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3. Experimental Details

3.3 Devices Fabrication

Two types of devices were developed during this work, capacitors and[Iransfer Length Method|
devices, whereas the latter one were produced with two different architectures and fab-
rication approaches. In the following Sub-sections will be presented the fabrication techniques

description used in the device’s fabrication, following the natural flow order of the fabrication

process.

3.3.1 Process Flow

The development and fabrication of home-made devices requires various critical physical and
chemical processes, as schematically shown in Fig. B3] In this work, at a first stage, two sets
of shadow masks were fabricated (Fig. |3:5| (1) frame like and (2) line-pattern). The shadow
masks were used in all developed devices, as a physical barrier between deposited material and
the substrate, allowing for patterning the deposited film with the mask design. As previously

pointed in Section [3.1] all processes started by the cleaning procedure of the substrates.

Clean Deposition  Coating Exposure Development __ Etch Etch

/ \ ™)
e Y XXXy =
\ , 2

Lithographic procedure

Deposition

TLMA‘ D I]]]]II
TLMB‘ D ‘

Deposition

Capacitors ‘ I]]]]]]

Figure 3.3: Flow chart of each device fabricated. The steps are identified at the top and have different colours to
allow differentiation. In the deposition steps, the colour green represents the deposition of SiOx, yellow of the sample
(individual layer or nanolaminate system) and light gray the AlSiCu layer or contacts. When a shadow mask is used in
these depositions, the schematic of it appears next to the step circle. Regarding the etch step, light blue for APS etch
and dark blue for Pegasus etch are presented).

Lithographic proceduré

The fabricated devices processﬂ, which is described in Fig. is summarized as:

e Shadow masks: Si substrate was coated with 3 um SiOy, followed by a projection litho-
graphic procedure and adequate etching, detailed discussed in the following Sub-sections.

e TLM A Devices: individual or nanolaminate systems were deposited using the frame-like
shadow mask on Si substrates, then 400 nm of AlSiCu contacts were deposited by using the line-
pattern shadow mask (Fig. |3Zf| (a)).

Note that all the deposition details followed the conditions discussed in the former Section.
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3. Experimental Details

o TLM B devices: individual or nanolaminate systems were deposited on a Si substrate,
then using the frame-like shadow mask a 400 nm AlSiCu thick layer was deposited. Thereafter,
lithographic and etch procedures were followed, as well discussed in the upcoming Sub-sections
(Fig. B4/ (b)).

e Capacitors: 400 nm of AlSiCu were deposited on a Si substrate, followed by the individual
or nanolaminates systems, finally the top contact of 400 nm of AlSiCu were deposited using the
line and circular pattern shadow mask (Fig. @ (c)). The circular pattern hard mask used was
fabricated by NOA, although not as part of this work.

(a)
(c)
Figure 3.4: 3D representation of the devices fabricated: (a) TLM A, (B) TLM B, and (c) Capacitor. The yellow layers
represent the sample, the light grey structure the AlSiCu contacts, and the dark grey layer the substrate (Si or SLG).

3.3.2 Lithography

Lithography is a very powerful procedure that allows the production of 1D, 2D, and 3D patterns
in the most diverse materials. With the right conditions and steps, very complex structures can

be achieved. Fig. [3.5] exhibits a [Scanning Electron Microscopy (SEM)| top image of a sub-

micrometre line contact pattern performed by NOA, using a maskless [Direct Write Lithography]|
(DWL)

HV det | mag R | spot WD HFW x: -24.4607 mm | tilt
5.00kvV | TLD | 8467 x | 3.0 52mm | 150pm | y: 25.5370 mm | 0°

Figure 3.5: Top view SEM image of high-performance substrates for thin film solar cells. The Mo (dark regions)
substrate has 20 nm thick SiO; (clear regions) lines with 700 nm of width and 2800 nm of pitch, nominal values.
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Just like other methods discussed in this Chapter, the term lithography is very vague in the
sense that describes a class. Lithography can be performed with a physical mask designed with
the desired pattern or even maskless in which a narrow light beam is illuminated upon the sample.
In this work, a maskless photolithography process was used to fabricate the shadow mask set
and directly TLM devices for the electric measurements discussed in Subsection [3.4.5] As the
name suggests, this lithography method uses light with a specific wavelength to pattern complex
structures. This may seem simple, but it requires many steps that need to occur in sequence as
schematically summarized in Fig. [3.6] where the very first step, creation of a layout, is leaft
out. This section is meant to do a step-by-step overview of the whole process: layout, coating,

exposure, development, and etch.

Resist
sample
substrate

(a) Coating (b) Exposure c) Developement

(d) Etch e) Post-Etch f) Resist Strip

Figure 3.6: A simple lithography process in which a thin film layer is patterned. The process steps are individually
represented from (a) to (f).

Layout

The starting point is to create a layout. Firstly, a mask is designed using technical drawing Au-
toCAD software. Once designed, masks shall be converted and transferred into the DWL equip-
ment’s computer.

Two sets of different hard masks (Fig. (a) frame like and (b) line-pattern) had to be created
to achieve the architecture required by the TLM (see Section [3.4.5)): no gap between the contact’s
edge and sample layer edge must exist on the top or bottom (& = 0). This is very difficult to
achieve if we deposit the entire area of the substrate with the sample, since the hard mask cannot
be bigger than the substrate (in area terms) due to fixation problems. So, to ensure no gap, we
use a frame like shadow mask to deposit the sample on a smaller area of 20 000 x 20 000 pm?.

The line-pattern hard masks were designed with the following requirements: (1) the contact’s
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height must be equal to the frame like opening (20 000 um), (2) the contact’s width should be big
enough to provide a good contact with the available equipment, and (3) the contact’s separation
must be bigger big enough to prevent the creation of short circuits during the deposition, and avoid
fabrications problems.

Therefore, 4 frame like and 4 line-pattern with different contacts width were created. The

shadow masks dimensions are summarized on Table [3.4]and the AutoCAD designs can be seen in
Appendix [A] Fig.[A.1]

Table 3.4: Fabricated shadow mask dimensions. The contact’s spacings increase by 200 um steps

Mask Height | Width Number of Contacts Spacings
(um) | (um) (Hm)
Frame Like 20 000 - -
Line-Pattern A 1000 10 200 to 1800
Line-Pattern B | 20 000 | 1500 8 200 to 1400
Line-Pattern C 2000 7 200 to 1200
Line-Pattern D 2500 6 200 to 1000

(@)

Figure 3.7: Schematic of the fabricated hard masks: (a) frame like and (b) line-pattern. Note that in (b) the contacts
are centred. The dashed line represents the frame like mask opening.

Coating

The first experimental step is to coat the sample with a photoactive material that allows pattern-
ing. This specific material is called Photoresist and a large selection of it exists depending on the
fabrication requirements. Most photoresist formulations consist of three main components: a pho-
tosensitive material, film matrix resin, and a solvent. Although, two main classes of photoresist
are available: positive and negative. In the present work, it was used a positive resist, so exposed
areas will become soluble in the development stage.

For both lithographic procedures executed in shadow masks and TLM B fabrication process
(Fig. , it was used a Gamma Cluster optical track engineered by SUSS MicroTec for the
photoresist spin-coating deposition. The substrates were coated with a 1035 pm uniform layer of
positive resist AZ1505 and then placed on a hot plate at 100 ° C for 50 s. This heating step is

called soft bake and is used to evaporate the resist’s solvent (the coating is done with diluted resit)
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and cure it. Prior to photoresist coating, a thermal treatment is done to improve its adhesion. The
samples were placed in an oven for about 20 min, in which they are treated with an atmosphere of
Hexamethyldisilazane (HMDS) at 150 ° C to remove any organic impurities that may exist on the

surface. The oven used was a Vapour Prime Oven, model 310TA of YES.

Exposure and Development

At this point, the sample is completely covered with a photoresist. Thus, the next step is the
selective change of the photoresist chemical structure by exposing the selected areas according
to the layouts previously established. This step is called Exposure and can be described by the
focusing of a light beam of a specific wavelength on a defined region. This light exposure alters
the photoresist structure, preparing it for the next step when the exposed areas are removed with
an appropriate solution - Development. Basically, the exposure step will define which area of the
resist will be soluble in a developer. As said before, in this work positive resist was used, meaning
that the exposed areas will be dissolved in the development stage, whereas with negative photore-
sist, the exposed areas will remain after the development. Essentially, the final resist pattern is
binary: parts of the substrate are covered with a photoresist, whereas other parts are completely
uncovered. To begin the Exposure step, the desired exposing pattern is loaded on to the equipment,
and the sample is placed and aligned on the stage. Then the exposure can be done. Exposure con-
ditions, as of intensity and focus, are determined by the equipment’s responsible team, and are
dependent on the current calibration (for example, the last lithography process made was with fo-
cus -10 and 60% intensity). The equipment used was the DWL 2000 manufactured by Heidelberg
Instruments. To develop the exposed samples, they were loaded on to the same optical track used
for the coating, to be washed with AZ400K developer for 60 s, and then rinsed with deionized

water.

Etch

To complete the lithography process, the material that is not protected by the photoresist must
be patterned. This final step is called etch and involves a chemical and/or physical reaction to
remove the material. One key property is required for a good etch: it must be selective, which
means that the resist etch rate must be much lower than that of the material to be etched. In a good
etch process the resist’s etch rate is typically one quarter of the material’s one. [84]] If this last
requirement is not met, the photoresists layer thickness should be adjusted.

Two types of etch were used: wet and dry etch. The first type used an acid solution that
chemically attacks the material. The second type, more specifically reactive ion etching, combines
a physical (sputtering) and a chemical etching process promoted by a plasma. The plasma high
energy ions are anisotropically directed to the substrate surface inducing material’s sputtering and

generating a volatile by-product.
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In this work, it was needed to etch AlSiCu, SiOy, SiNy and Si. A 400 nm AISiCu layer was
attacked with a FujiFilm wet Aluminum etch (solution of 80% Phosphoric acid, 5% Nitric acid,
5% Acetic acid and 10% water) for 105 s. The remaining layers were attacked by a dry etch on
specialized equipment with specific conditions listed in Table [3.5] Si was etched on the Pegasus
LPX and the SiOx and SiNx on APS, both manufactured by SPTS Technologies. To remove the

residual photoresist layer (Resist Strip) an acetone bath is performed for approximately 5 minutes.

Table [3.6lists the nanolaminates systems used on the capacitors and TLM devices.

Table 3.5: Technical specifications and process details of the dry etches used. The deep silicon etch process, in
Pegasus, is called Bosch Process in which two gases allow a complete anisotropic (vertical) etch. The fluorine based

plasma etches the Si and the fluorocarbon provides sidewall protection and improves selectivity.

Equipment APS Pegasus
Gaseous Octafluorocyclobutane Sulphur hexafluoride (SFg) for the Si etch
(CyFy) and C4Fg to passivate the surface etched
Etch rate SiOx: 155 Very difficult to know exactly
(nm/min) SiNy:114 because it depends on the features.
In the shadow mask’s fabrication,
a3 um SiOy layer
was etched for 8 min. In the hard mask’s fabrication,
Procedure In the TLM B devices, the total was etch a Si substrate with
thickness of SiOy and SiNy approximately 725 pm for 60 min.
etched in one sample was 30 nm
for a 30 s.
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Table 3.6: Capacitors and TLM samples lists and respective architecture.

Capacitor Samples TLM Samples
:28; Samples | Thickness (nm) | Architecture
SS10.2 Cu R
SS10.3 TZ0.1
SS10.4 TZ0.2
SS5.3 SS0.1
SS5.4 S$S0.2
TZ0.1 SS10.1 30
TZ0.2 S$S10.2 B
TZ1.1 SS10.3
TZ1.2 SS10.4
TZ2 SSs.
TZ3 SS5.4
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3.4 Characterisation Techniques

As said in the Chapter’s beginning, it is essential to execute a complete and accurate character-
isation of the novel materials created. In the following sections, the used techniques are presented
and briefly discussed accordingly with this work aims. As novel material designs are studied, a set
of characterisation techniques were used to evaluate the material’s fundamental properties, and to
plotted a path of adjustments that meet the ultimate goal, the selective contacts. To do so, struc-
tural, elemental composition, optical, and electronic properties are discussed. Finally, material’s

behaviour was evaluated when working under load on a device.

3.4.1 Transmission Electron Microscopy

[Transmission Electron Microscopy (TEM)|is an imaging technique that allows for the obser-

vation of fingstrém size structures (interfaces, grain boundaries, etc.), the study of the atomic
number distribution, among other features. [85] The working principle of this technique is based
on the incidence of a high-energy and focused electron beam, with a uniform current density, into
a thin sample surface, typically 5-100 nm for 100 keV electrons. The electrons interact through

elastic or inelastic scattering with the atoms of the thin sample. [86]

Although the information retrieved from TEM is valuable, the main drawback seats on the
complex procedures for the sample preparation, which is significantly time consuming. TEM’s
working principle is mostly based on an electron gun with energies between 80 and 1200 keV
[83]], 20-200 keV in the system used, and a set of electromagnetic condenser lenses used to fo-
cus the electrons. In this way, it will produced a coherent beam that is directed onto the sample
surface. In the conventional TEM the sample is irradiated by a parallel electron beam. From this
interaction, electrons are diffracted, scattered, and transmitted. Depending on the wanted infor-
mation, one of these groups of electrons is selected and detected and the corresponding signal is

acquired. The complex arrangement of condenser lenses allows focussing the beam on a small

area (0.2-10 nm in diameter), and consequently enables the operation in [Scanning Transmission|

[Electron Microscopy (STEM) mode. This allows for the analysis of a small area and a desirable

region (for example analyse a linear path through several interfaces). In this mode,

[persive Spectroscopy (EDS)|can be employed to determine the samples chemical composition.

The collision of an incident electron with an element inner-shell electron, can eject this electron
and leave an unoccupied level. The transition of a higher level electron to the empty level, leads to
the emission of an Auger electron or X-ray quantum, which are elemental characteristics. Another
technique used in STEM mode is[High-angle Annular Dark-Field (HAADF)] in which the inelas-
tic high angles scattered electrons are detected by an Annular Dark-Field (ADF) detector and the

signal provides images of the crystal lattice and information about the composition.

To execute the STEM-HAADF imaging, EDS and HAADF lines profiles, a FEI Titan ChemiS-
TEM Cs-probe corrected TEM was used.
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3.4.2 X-Ray Diffraction

The macroscopic properties depend greatly on the material’s microstructure, hence it is impor-

tant to characterize it. [X-Ray Diffraction (XRD)|explores the scattering of X-rays by the atoms

in a lattice, providing information on the crystalline phases and structure. It is assumed that a
periodic lattice with a given orientation and spacing exists in the material. The incident X-rays
will scatter in such structure and will suffer interference. The occurrence of constructive or de-
structive interference is given by Bragg’s Law, which has a dependence on the lattice and beam

characteristics, and measurement configuration [87]:

2dsin(0) = gA (3.1)

where d is the inter-planar spacing of the periodic crystal lattice, 6 half the angle between the
incident and reflected beam, ¢ an integer number, and A the wavelength value. The previous
discussion assumes that the material has a crystallographic structure, but it may be amorphous. A
material in an amorphous state has an irregular atomic organization and no periodic structure, so
the incident X-rays are scattered in many directions, and the signals peak to background ratio is
low or zero, and the diffractogram peak will be broad or non-existent. [|88]]

The conventional symmetric setup, where the source and detector angle are equal, is called
Bragg Brentano XRD and is schematically shown in Fig. [3.8](a). The higher the incident angle, the
longer is the total X-ray’s path length. Therefore, when a thin sample on a substrate is analysed, the
substrate signal will be higher than the thin film one. In this way, the identification complexity, of
the lattice pattern of the thin film, is hindered. The|Grazing Incidence X-Ray Diffraction (GIXRD)|

asymmetric configuration may be employed to get around this limitation. The angle of incidence

is fixed at a low angle, typically lower than 1°, to provide a higher surface sensibility (Fig. [3.§|
(b)).

)\

Detector Detector

sample

(b)

Figure 3.8: XRD configuration to perform (a) conventional Bragg-Brentano and (b) Grazing Incidence (GIXRD)
measurements. The incidence angle w is equal to the detector angle 6 in the conventional configuration and remains
constant in GIXRD. The angle between the incident and diffracted beam is 26, and is the independent variable of the
obtained diffractogram.
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The system D8 Advance, manufactured by Bruker and with a Cu-Ka parallel beam X-ray
source, was used for XRD based measurements. Initially, two Bragg-Brentano XRD measure-
ments with different orientations, rotating the sample on the holder, were done to find out if the
samples had a preferential alignment and if it was possible to diminish the substrate (Si) signal.
Then, quick GIXRD sweeps at different @ angles were done to determine the angle that provided
the best peak intensity to background ratio. Being the @ optimized at 1° for all samples, a long
(more than eight hours) measurement was done. Afterwards, the peak fitting was done with a Voigt

function, convolution of a Lorentzian and a Gaussian function, to evaluate the samples’ structure.

3.4.3 Optical Spectroscopy
Spectroscopic Ellipsometry

Ellipsometry, allows to estimate the optical constants and film thickness values through the
interaction of a polarized beam of light with the sample. A linear polarized electromagnetic wave,
with s and p components, is generated at the light source and redirected to the sample at a given
angle of incidence (w). From the incident light-sample interaction results a light beam with a
polarization different from the initial. This final polarization is typically elliptical, reason why this
technique is called ellipsometry. [89]] The polarization state of the electromagnetic wave before

and after the reflection in the sample is shown in Fig. 3.9

sample

holder

Figure 3.9: Representation of the light beam and sample interaction. E, and Er is the electric field vector of the
incident and reflected light beam, respectively, with E,, and E parallel and perpendicular, with respect to the plane
of incidence, components, respectively. The electromagnetic wave polarization changes upon sample interaction. The
angle on incidence  is kept constant during each wavelength sweep.
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From the light-sample interaction, two parameters that reflect the change in polarization state,
after the interaction, are measured. The complex reflectance is parametrized by two wavelength

dependent interaction parameters, ¥ e 8, which are the amplitude ratio and phase difference,

(Er7p>
_ ’;17 _ Eiﬁp
g Ers
Ei,s

where E, and E; are the electrical field of the reflected and incident waves, respectively, for both

respectively, and are described by [90]:

tanyexp(iA) (3.2)

polarizations s (E; s and E,.5) and p (E; , and E,. ,), and r, and r, are the complex reflectance, again,
for both polarizations s and p.

Although correlated, these parameters can be separated and their physical meaning becomes
more evident [90].

tany = M (3.3)

|7

A=§,— (3.4)

Here 6§, and d; are the electromagnetic waves phases of the reflected p and s components, respec-
tively.

After carrying the measurements, a model that describes the studied sample needs to be estab-
lished. This optical model accounts for all the sample layer’s thicknesses and optical character-
istics (optical constants, n and k, or complex dielectric function (€) with real (&) and imaginary
(&) part, € = €] — i€,) as represented in Fig. [3.10] Hence, some samples insight is always needed.
Also, due to the fitting type analysis, as more parameters are known the more accurate the result
will be. Thus, the studied material should be coupled with well known references layers. If goal is
to measure the layer thickness (d), the layer’s optical characteristics must be introduced or selected
from the database; if it is aimed to determine the optical characteristics the layer’s thickness should

be introduced, and the model that best describes the material must be selected for the fitting.

N1,d1

N2’ d2
N31 d3

Substrate Ng

Figure 3.10: Phenomenological representation of the optical model used to describe a q multilayer stack, on a substrate
s. Each layer is represented by the optical characteristics, here defined by the complex refractive index N; and thickness
dj. The optical constants can be introduced as the optical constants n and k (N = n — ik) or by the dielectric function

(N = \/>= VE —i&).
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The parameters that are unknown will be determined by a fitting using a numerical algorithm.
In simple steps, the program generates y* and A* parameters with the inputted values and char-

acteristics of the optical model. Then it compares the generated data with the measured one, by

internally determining the [Mean Square Error (MSE) the sum of the absolute difference of the

measured and generated values. If the data sets are equal, which is expected to happen after a
few iterations, the fitting is over, MSE is small, and the unknown parameters are determined. If
they differ, the program knows which unknown parameters to vary, and by how much, to decrease

MSE, and an iteration is done to fit the values.

After executing the software fitting, the fit quality can be analysed by the MSE and the physical
meaning of the result must be judge. If necessary, the optical model must be altered to more

accurately describe the sample. A flow chart describing this procedure is represented in Fig. 3.11]

Optical Model Generate Compare
Construction (w*,A%) (w,A) and (y*,A%)

+ Fiting Iteration

Measure Sfoftware Procedure

Judge Results

(W.4)

Figure 3.11: Flow chart of the ellipsometry data analysis procedure. Firstly, the measurement is performed and the
optical model is constructed. After that, the program can fit the unknown parameters with input values and character-
istics of the model, highlighted on ”Software Procedure”. When the fit is over, it is necessary to find out if the output
results make sense and present physical meaning. If accepted the procedure is complete, if not, a model refinement is
necessary to improve the results.

Regarding the optical characteristics (optical constants, n and k, or dielectric function, € = & —
&), these can be directly introduced by an experimental data set or modulated by a mathematical
model with parameters, specific of the material. There are several models to describe the optical
characteristics, and each one has a distinct modelling fundamentals and applications. The ones

used in this work, Cauchy, Lorentz, and a Tauc-Lorentz, are described as follows:
e Cauchy:
The empirical Cauchy model can be derived from a theoretical model called Sellmier, which

describes the material as a collection of dipoles with a specific resonant frequency. This model is

mostly used for transparent materials (k(4) = 0): [90]:

B C
n(d) :A—l—ﬁ—i-ﬁ (3.5)
here the parameter A states the amplitude of the refractive index function, and B and C set the func-
tion curvature. This model directly describes the optical constants and not the dielectric function.

The relation between n and k, and the complex dielectric function (€, and &) is well established

(89
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(3.6)

3.7

Also, usually, the independent variable of the dielectric function is the photon energy (/v)
and not the light wavelength (1). Nevertheless, they are correlated by hv = hc/A, where h is the
Planck’s constant and ¢ the free space light speed. Although being designed to modulate trans-
parent materials, the Cauchy model can be extended and introduce some absorption. The Urbach
equation is added, which has a decaying exponential shape and describes a small absorption below

the bandgap energy [89]:

hv—E},

k(hv) = Be ®v (3.8)

where f3 is the amplitude, Eyy the Urbach energy and E}, the band edge.

o Lorentz:

Lorentz is a theoretical model that takes a more classical approach. It is considered that the
electron’s response to electrical field is identical to that of a mass connected by a spring when a
dissipative force is applied. In this sense, the body mass is a representation of the electrons, the
spring is similar to the forces exerted by neighbours electrons and nuclei on the electron, and the
dissipative force is the energy loss due to a photon emission. [91]

D

e(hv) =g () —ig(hv) =1+ E2— () + v (3.9)

Here, D is the oscillator strength, Ey the energy centre and I the broadening. From Eq. [3.9] the
complete complex dielectric function is obtained and not the separate real and imaginary part.
One cannot simply separate the real from the imaginary part when the equation is fully resolved,
because € and & are physically connected. So, the Kramers-Kronig (KK) Relations are utilized.
These equations institute a mathematical connection between € and &,. Physically speaking, this
connection establishes a cause-effect relationship, which means that the effect (dipole response)

can only occur after the cause (electric field) [91]:

2 it Elgy(E
el(hv):l—i——P/ E/ZEZ((;W)) dE' (3.10)
_ 2k a(E) .
= P/ 7= g dE (3.11)

where P is called the principal part of the integral and E’ the integral variable.
The Lorentz model is very well suited to described dielectrics and semiconductors. One vari-
ation of this model that only allows the absorption above the bandgap is known as Tauc-Lorentz.

This model is suited for most amorphous materials, and follows [91]:
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FE(C(hv—Eg)* 1
(hv—Ep)*>+G?(hv)? hv’
& () =0, hv<E, (3.13)

82(hv) =

hv > E, (3.12)

Here, F and G are amplitude and shaping parameters.

Once again, using KK Relations is possible to obtain the dielectric function’s real part:

. 2 inf E’SZ(E/>
€1 (gV) =& (lnf) + ﬂPLg m

dE' (3.14)

The optical model constructed in ellipsometry can be simple or complex, depending on the
samples complexity. The features described beforehand are the basic requirements to preform
these measurements. Advance features as surface roughness, layer optical characteristics grading
or a collection of dielectric functions, instead of one, used to model the layer can be applied.
Nevertheless, these additional features will complicate the fitting process and no general solution
may be found or the fitted parameters may have large uncertainties. A good practice, is to start
with the simpler and basic model, but that completely describes the sample, and individually add
features. Only accepting the added feature, if the MSE suffers a 25% improvement.

To perform the Ellipsometry measurements (at 55°, 65°, and 75° of incidence) described a J.A.
Woollam M2000 ellipsometer was used and the analysis, to obtain the layer thickness and optical

constants, were done on the CompleteEase software also provided by J.A. Woollam.

UV-Vis-NIR Spectrophotometry

Since Ellipsometry is a complex technique that requires some knowledge about the sample,
it is a good practice to use a complementary technique to validate the obtained results. Thus,
[Ultraviolet - Visible - Near Infra Red (UV-Vis-NIR)|Spectrophotometry was used. This is a simpler

technique and relies on the intensity ratio of two light beams. As represented in Fig. two
identical light beams enter the apparatus: one serves as a reference and the other will interact with
the sample. Two related quantities can be measured depending on the sample’s position: relative
transmittance and reflectance. For each, total or diffuse behaviour can be scrutinized. Relative
total reflectance and transmittance were measured in the wavelength value range of 300-1100 nm

and a step size of 1 nm using a Perkin Elmer Lambda 950.
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£
/ Integrating Sphere
/ Reflectance

Sample Holder
Sample Beam /

Figure 3.12: UV-Vis-NIR Spectrophotometry schematic with an integrating sphere detector. The reference material is
made of spectralon (fluoropolymer with the highest diffuse reflectance).

Transmittance
Sample Holder

Reference Material

After the measurements, it is necessary to convert the Ellipsometry or UV-Vis-NIR Spec-
trophotometry data so that they are comparable. Using the determined optical constants, n and
k, as variables, it is possible to calculate the reflectance and transmittance. So, the comparison
between the ellipsometer and spectrophotometer data will be done with the total reflectance and
transmittance spectra (in nominal % values). A variation of the Fresnel Equations is used to deter-
mine the relative transmittance and reflectance. The transmittance (T) was calculated considering

normal incidence, a transparent substrate (k(A) = 0) [92, 03] [04]:

I 16n? - nge~ % (3.15)
C (n+1)3(n+n2) —2(n? —1)(n? —n2)e~%cos(*H) 4 (n— 1)3(n — n2)e~204 '

Where n; is the substrate refractive index, n the refractive index of the film and its respective thick-
ness d, & is the absorption coefficient which is related to the k by a = 47”1‘, for each wavelength
value. The reflectance (R) equation considers a complex structure of g layers and a substrate s,
that describes the beam interaction at each layer’s interface, and the calculation can be divided in

two steps. First is necessary to solve a matrix equation [95]]:

) isin(T;)
M| H cos(7;) = 1 (3.16)
i=1 |in;sin(tj) cos(T)) M
with fj:mf"f}f“(“’f') (3.17)

Where 7 is the substrate tilted admittance, and 7 is the tilted optical admittance, which can be

defined for parallel (p) and perpendicular (s) light polarizations [95]]:

36



3. Experimental Details

nd y
Ny = o5t costd and 1Ny =ndcosw = ycosw (3.18)

where ¢ is the admittance of free space (equal to 2.6544x 10 S) and y the optical admittance.

Then, is necessary to calculate the total admittance (Y) of the g layers system [95]:

Y = i (3.19)

which is introduced on the final equation with the initial medium tilted optical admittance (7o)
[95]]:

—y
R— ‘”0 ’ (3.20)

No+Y
When the calculation of transmittance and reflectance are finished, a conjoined plot of the
measured and calculated reflectance or transmittance can be executed to verify that the optical

constants, n and k, were determined through Ellipsometry with accuracy.

3.4.4 Photoelectron Spectroscopy

The main physical principle underlying the photoelectron spectroscopy is the photoelectric ef-
fect. To induce the photoelectric effect the sample is irradiated with X-rays or ultraviolet (UV).
If the photon’s energy of the incident beam is sufficient, an electron is ejected. Depending on the
photon’s energy, core level electrons or more superficial ones can be ejected, providing distinct in-
formation. Hence, a photoelectron spectroscopy technique is capable of determining the material’s
composition (Elemental Quantification), and allowing the discussion of the material’s electronic

structure.

Elemental Quantification

[X-ray Photoelectron Spectroscopy (XPS)|is a photoelectron technique that uses X-rays, photons

with energy higher than 1 keV, which can reach the materials core levels. Thus, this technique can
be used to quantify the sample’s elemental composition.

Each element has a specific energetic transition that allows the identification its existence, and
quantify the existing amount in the sample. Firstly, an acquisition is done in the transition energy
range in order to study a particular element. The acquired spectrum represents the number of
electrons counted per second (counts/s) at each binding energy (BE). This energy represents the
energy lost in the interaction with the material. Knowing the initial and final energy, is possible to

determine the binding energy by [96]:

KE :hv—‘bxps—BE (321)
BE = hv—KE — q)s =hv—KE — CI)XPS (322)
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where KE the kinetic energy of the reflected electron, and ®xpg and ®g the equipment and sample
work function. The latter two are considered equal.

After the spectrum acquisition, similar to the one represented in Fig. it is fitted using a
Voigt function. The area of the fitted peak (A;) is used to do the quantification. Nonetheless, first a

normalization is necessary, due to different elements having distinct X-ray interactions.

[Sensing Factor (RSF)|is used to normalize the peak areas and reflects such elements differences

in a given equipment, since different types of equipments with different configurations may have

distinct interactions. Hence, the element percentage (X;) can be estimated by:

A;
RSF;

>
& RSF;

Table summarizes the Si, Zn, Ti, Hf, oxygen (O), and N required values to determine X;.

x 100% (3.23)
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Figure 3.13: As measured surface carbon 1s (C 1s) spectrum of a 30 nm ZnOy sample deposited on a SLG substrate.
Without any fitting, it is clear the existence of two distinct peaks that correspond to different C bonds. The identification
of the peaks was based on the XPS software database.

Table 3.7: Elements peaks and respective characteristics used to calculate sample’s composition X;. The BE and RSF
values were obtained from the Avantage software database.
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Element Peak BE (e¢V) | RSF
Oxygen Ols 529-530 | 2.881
Nitrogen N 1s 397 1.676
Oxide Element Peak BE (eV) | RSF
Silicon Si 2p 103.5 0.900
Zinc Zn 2pap 1022 | 21.391
Titanium Ti 2p3p 458.5 4.415
Hafnium Hf 4f7) 18.3 4.410
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Electronic Properties

One important property in the design of selective contacts or any multilayered optoelectronic
device is the electronic structure, which is represented by a band diagram with energy levels:

conduction band minimum (E¢), Fermi Level (EF), valence band maximum (Ey) and bandgap

(Eg = Ec — Ey). To construct such band diagram, XPS, [Ultraviolet Photoelectron Spectroscopy|
(UPS)| and [Reflection Electron Energy Loss Spectroscopy (REELS) were employed.

As XPS is able to reach core levels, it can be used to measure the difference between the Ey

and Fermi level (Er — Ey). UPS, another photoelectron spectroscopy technique, uses UV radiation
to induce the photoelectric effect. The photon’s energy is typically around dozens eV, which only
allows reaching the valence band. Hence, UPS is used to determine the work function (¢) and,
also, the Er — Ey value. In REELS, employed to determine the E, energy value, the samples
are analysed using a beam of electrons, instead of photons, and it is measured the energy loss of
the scattered electrons. Hence, this method does not induce photoelectric effect. The electron’s
energy loss may be due to many causes, however as it is used to determine the E, energy value,
the transition of an electron from the Ey to the E¢ is needed. To raise such transition, an inelastic
collision of the incident electrons with the material’s electron must occur, and the incident electron
must have equal or higher energy than the bandgap energy value. The procedure executed to

calculate these electronic parameters is described in Table

Table 3.8: Graphical method to determine each electronic parameter from each different technique.

Technique | Determination Description

Around and at 0 eV BE the XPS spectrum has 0 counts/s, but when
the BE increases, so do the counts/s. This region, has a linear
behaviour where a linear regression has to be made. The BE axis
interception of this linear function is the Er — Ey value.

The method to calculate Er — Ey value from the UPS spectrum

is identical to the XPS one.

XPS

To evaluate the ¢ value, the edges of the UPS spectrum must
be analysed. At higher energies the spectrum has a steep
descend called cut-off. In the beginning, at lower BEs, the
counts/s are null and then start to rise onto a small plateau.
The beginning of such plateau is the location of the Er. The
difference between the cut-off energy and the Er is the
spectrum width, and the subtraction of the spectrum width
from incident photons energy, gives the ¢ value.

(¢ = hv — (Ecut—()ff — EF))

The calculation of the E, value is identical to the Er — Ey
energy value. However, the REELS spectrum has a maximum
counts/s peak at 0 eV, followed by the hydrogen (H) peak, at
REELS ~ 2.5 eV. After the H peak, the spectrum has a minimum and
starts to rise linearly. In this rising region the linear regression
should be done and the interception of the BE axis gives the E,
energy value.

UPS
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The system ESCALAB 250Xi, manufactured by Thermo Fisher Scientific, was used in this
work and it is an XPS, UPS and REELS integrated equipment. The X-ray source is based on
Al-Ka transition and emits photons with 1 487 eV, and the UV photons in UPS are based on He
I with 21.2 eV of energy. The incident electrons in REELS are accelerated with a kinetic energy
equal to 1 000 eV. The peak analysis was done using the Avantage 5.988 software also provided
by Thermo Fisher Scientific.

3.4.5 Electrical Measurements

When a nanolaminate is incorporated into a device, its behaviour can be different from when
is apart, because materials can exhibit different responses when working on load. Thus, elec-
trical characterisation is crucial when incorporating a new material’s concept into optoelectronic
devices. To perform such characterisation, capacitance measurements and conventional current-
voltage curves were carried out.

The capacitance analysis, measures the capacitance and resistance of the sample dependence
with frequency and/or voltage. The equipment, E4980A LCR Meter from KEYIGHT, models
the sample layer, as a capacitor in parallel with a resistor. Such model is used in the Conduc-
tance Method, on metal-insulator-semiconductor structure, to calculate the interface traps and
fixed charge density. [97] The measurements were performed on a capacitor structure, as it will
be discussed latter in Chapter 4. The current-voltage (IV) curves, extremely used in solar cells

characterization, were done using the 2420 SourceMeter by KEITHLEY and serve to apply the
TLM

Transfer Length Method

Transfer Length Method (TLM), initially proposed by Shockley [98]], allows calculating the
contact resistivity (p.) and the sheet resistance (Rg;,) of a material. A series of gradually spaced
parallel contacts, with dimensions W and L, are placed on the sample (Fig. [3.14) and current-

voltage curves between two adjacent contacts are measured.

) d, d, d d d d

d, d; d, d,

W

Figure 3.14: Contacts, with W x L dimensions, layout to perform the TLM measurements. The spacing d; between
contacts is increasing from left to right, and 0 is the gap between the contact’s and the sample layer edges.

From the linear current-voltage curve, assuming an ohmic behaviour, the total resistance (R7)
is calculated by applying Ohm’s law. When all contacts have been measured, a Ry vs contact

spacing (d;) is obtained, as shown in Fig. [3.13] following a linear trend, corresponding to:
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_ Rsn
w
here R. is the contact resistance. Eq. describes the total resistance as the sum of sheet

resistance (Rg;,) between the contacts and R,.:

Rt di+2R, (3.24)

Rq, L L
R, = =T coth <> (3.25)
W Lr

Rygy, is part of the slope, since as the contact spacing increases, more material the current has to
flow through through and more resistance it will fell. R, is keep as a constant, since only two
contacts are considered and their area is not changed. The transfer length (L) defines the distance

required to transfer all the current from the metal to the material [99] and is defined as:

_ | Pe
b=\ % (3.26)

Contact resistivity can be determined by two ways depending on the contact dimensions [[100]:

2
(a) if Ly > L, then coth (ﬁ) ~ LTT, SOR, = Ré"}i’ and p. = R-WL,

(b) if Ly < L, then coth (£ ) ~ 1, 50 R. = 4~ and p. = RWLy.

To ensure accurate parameter determination, the gap between the contact’s and the sample
layer edges (0) must be zero or negligible when compared to W. If this condition is not met, the
[Quasi Two-Dimensional TLM (QTD-TLM)|correction must be employed because new resistance

contribution appears due to current flow at the contact’s top and bottom. [101] Figure[3.15|presents

an example of the application of the TLM method.

0.5
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o
o
1

-0.5

g 1 slope = R_ /W
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Figure 3.15: Hypothetical application of the TLM method on a sample sheet with 6, 1000 pm x 20 000 um, contacts.
(a) The IV curves clearly show the resistance increase with contact spacing. Linear regression in each curve, allows to
calculate the total resistance (R7). (b) Rt vs. d; plot, corresponding to Eq. and obtain the needed parameters. The
purple linear regression gives an 0.990 mQ/um slope and 5.275 mQ intercept, which corresponds to a Rg;, = 19.8 Q
and R, = 2.638 mQ. Considering Ly < L, Ly = 2.665 um, proving the assumption true, and p,. = 1.4 Q-mm?.
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3.4.6 Other Characterisation Techniques
Contact Profilometer

The contact profilometer, P-16+ manufactured by KLA Tencor, was used to measure the de-
posited film thickness values. This technique was mostly useful in the calculation of the deposition
rates. The system uses a small stylus connected to a sensor that, in contact with the sample, reg-
ister the transversal displacement while the stylus moves on a longitudinal direction which allows

to perform a topographic analysis.

Optical Microscope

An optical microscope is a system constituted by stage, optical lenses and a digital camera or
an observation window. Uses visible light focused on the sample to investigate its surface. In this
work, a Nikon Eclipse L200N was used for inspection during the devices development process for

surface and devices contacts characterisation.
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Results and Discussion

The previous Chapters present the foundations and an overview of the developed work, which
is to be discussed in more detail in this Chapter. Chapter [2] exploited the requirements, potential
of nanolaminates and selective contacts. In Chapter 3| a detailed discussion of the experimental
methods was presented, to assist the result’s discussion. Therefore, in Chapter [4] the characteri-
sation approach and results are presented. Starting with a structural characterisation, followed by
a discussion on the materials elemental composition. Then, an optical, electronic, and electrical

analysis will be presented.

4.1 Structural Characteristics

A structural characterisation is crucial, since provides information that can often justify the sub-
sequent observed properties. A periodic or random atomic organization is related to the functional
properties and, at a great extent, determines the materials optoelectronic properties. [87]

The samples were firstly studied by Raman spectroscopy, an optical non-destructive technique
capable of analysing a sample’s structure and chemical composition. [85] The measured spectra
provided no valuable information, since the observe Raman peaks were identified as vibrational
states of the Si substrate. Fig. in Appendix [B| presents the Si substrate and sample SSO.1
Raman spectra. So, this approach was abandoned because, for all the samples, the substrate data
would be predominant. If the further analysis were to be performed with Raman spectroscopy, the
incident photon wavelength must be lower to a deep UV excitation range, so the penetration depth
be decreased. [102] However, the measurements were performed at minimum wavelength setting,
532 nm incident photons, therefore no valuable study could be carried on with the available equip-
ment. Therefore, XRD was carried out to characterize the structural properties. Similar to Raman,
if XRD is performed without the appropriate configuration, in this case, if the incident angle is
too high, the measurement resolution will be small and only substrate diffractogram peaks will be
detected. Nevertheless, conventional XRD was used, as mentioned in Subsection [3.4.2] to test the
possibility of eliminating the Si contribution with a simple sample rotation. Such possibility exists
because the Si substrates used, are cut along a (100) crystal plane. However, substrates diffrac-

togram peaks were always present, no matter the sample rotation. Hence, the Si contribution is
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present in all GIXRD diffractograms, as shown in Fig. by the highlighted grey dashed region
between 47.5-57.5°. These Si contributions had been formerly reported [[103]].
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Figure 4.1: GIXRD diffractogram of samples SS10.1, SS10.2, TZ0.1, TZ0.2, and HTO. Vertical burgundy line or box
guides to regions where might exist a ZnOx or HfOy diffractogram peak, while the grey dashed rectangle highlights the
Si substrates diffractogram peaks found in all samples.

In Fig. [21;1'] individual layers, SiOy, SiNy, TiOyx, ZnOy, and HfOx GIXRD diffractograms are
presented. Besides the discussed Si contribution, only the samples TZ0.2 and HTO clearly show
characteristics diffractogram peaks in the 30-38° and 60-65°, and 20-40° and 45-65°, respectively.
However, both present broad peaks, with low intensity when compared with the background. This
indicates a predominance of amorphous states, with no periodic structure, for the latter discussed
samples, and more significantly for the remaining ones. Such amorphous structure was expected,

since both deposition methods, PECVD and Magnetron Sputtering, are not performed at high

enough temperature (below 300°C and at [Room Temperature (RT)|, respectively) to form long

periodic structures. As an example, diffraction peaks may exist for Si deposited by PECVD at
temperatures lower than 470°C, but the amorphous state is still predominant. [[104] Similarly, for
ZnO deposited by Magnetron Sputtering, a temperature higher than 200°C is needed for some
crystal orientation to be predominant, although with small crystalline size. [[105]]
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In order to carry out an in-depth discussion of the sample’s structure, a closer look at the
individual layers diffractograms was performed. The diffractogram acquisition of sample SS0.1 [L
SiOy, was only undertaken from 5 to 60°, considering that literature only highlights a characteristic
SiO; peak at around 25°. [[106] In Fig. #.2]is shown the SS0.1 diffractogram in the 10-35° range,
where it was identified a SiOy diffraction peak. This peak, centred at 22.1° and a
[at Half Maximum (FWHM)| of 16° has a predominant Lorentzian shape, and can be ascribed to
amorphous SiO,. [106,107] On the other hand, sample SS0.2, SiNy, has no observable peaks, so

no further analysis was performed.

—— 880.1 Experimental Data
— — -Background

Peak Fit
Envelope

10 15 20 25 30 35
26 (°)

Figure 4.2: Sample SSO0.1, SiOyx individual layer, GIXRD diffractogram of the selected range, 10-35°, and respective
fitted peaks.

For samples TZ0.1, TiOy individual layer, two ranges of interest were identified and depicted
in Fig. 3] (a) and (b). In the 15-45° range, presented in Fig. [.3] (a) was identified a diffraction
peak at 28.45°, deconvoluted by a Gaussian predominant fit, with FWHM of 11.72° assigned to
the rutile TiO, (110) plane. Considering the 65-75° region (Fig. @ (b)), two peakS at 70.0°
and 70.87° were deconvoluted by a Gaussian predominant model, with 1.9° and 0.3° FWHM,
respectively. Nevertheless, almost negligible intensity compared to the background was obtained.
These two peaks can be identified as rutile (301) and anatase (119) phases of TiO,, respectively.

The peaks identification was carried based on literature. [[108]]

(a) —— TZ0.1 Experimental Data (b) » TZ0.1 Experimental Data
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Figure 4.3: Sample TZ0.1, TiOy individual layer, GIXRD diffractogram of the selected ranges: (a) 15-45° and (b)
65-75°, and respective fitted peaks.

UIf necessary, the samples label and corresponding characteristics can be consulted in Table
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Sample TZ0.2, ZnOy individual layer, shows two predominant Lorentzian peaks around the
34° region, shown in Fig. 4.4] (a), and predominant Gaussian peaks at ~ 46°, 62°, and 67°, as can
be seen in Fig. (b), (¢), and (d), respectively. The first peak at 33.36°, with 0.89° FWHM, was
ascribed to the (002) plane, and for the 33.96° no match was found. Gaussian peaks at 46.7° (2.3°
FWHM), 61.76° (2.5° FWHM), and at 66.9° (2.3° FWHM) are related to the ZnO (102), (103),
and (112) planes, respectively. [109] The peaks experience a ~-1° shift from the literature values,
for which no justification was found, but can be speculated that a change in the lattice parameters
has occurred [[110], or this was due to an experimental constrain. All of the above assigned crystal

planes, are associated with ZnO hexagonal wurtzite phase.[111]
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Figure 4.4: Sample TZ0.2, ZnOy individual layer, GIXRD diffractogram of the selected ranges: (a) 28-38°, (b) 43-49°,
(c) 57-65°, and (b) 64-69°, and respective fitted peaks.

In HTO sample, HfOy individual layer, a Gaussian preponderance was found for all peaks
presented in Fig. .5] The ones in the 20-40° range (Fig. {.5](a)), were easily fitted, but the ones
present in the 40-75° range (Fig. [4.5](b)), the Si substrate peaks superposition lead to difficulties in
the fitting process. The peak parameters had to be manually adjusted. Nevertheless, the Envelope
curve follows the experimental data. The 20-40° region was deconvoluted in two diffraction peaks
at 27.3° and 31.65°, with 7.2° and 5.84° FWHM, respectively. In the region presented in Fig. .5
(b), 3 peaks were found at 47.88°, 53.10° and 62.00° . Only the peaks at 31.65° and 62.00° were
assigned to HfO, crystallographic planes: orthorhombic (111) and tetragonal (222), respectively.
[112]
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Figure 4.5: Sample HT0, HfOy individual layer, GIXRD diffractogram of the selected ranges: (a) 20-40° and (b) 40-
75°, and respective fitted peaks.

Even though it was possible to associate Miller indices and crystallographic phases to some

samples, it does not imply an organized crystallographic structure. These peaks may correspond

to local areas with an organized structure, since those are broad and of low intensity. Hence, the

analysed samples are considered amorphous. Table {.1| summarizes the peak information of the

GIXRD analysis.

Table 4.1: Resume of the fitted diffractogram peaks, and respectively assign crystal structure, plane and material. Three
final peaks of HTO do not have an uncertainty due to the manual adjustment.

Sample | Peak Centre (°) | FWHM (°) plgzsetildsiﬁgﬁ; J
SS0.1 22.1£0.2 16 £3 amorphous SiO;
28.24+04 11.7 £ 0.9 rutile (110) TiO,
TZ0.1 70.1 £0.3 1.94+0.3 rutile (301) TiO,
70.87 £ 0.06 05402 anatase (116) TiO,
33.36 £ 0.01 | 0.89 £ 0.01 | hexagonal wurtzite (002) ZnO
33.96 £ 0.01 | 0.88 £0.04 -
TZ0.2 46.65 + 0.07 2.3 £0.9 | hexagonal wurtzite (102) ZnO
61.76 £+ 0.01 2.50 £+ 0.09 | hexagonal wurtzite (103) ZnO
66.9 + 0.1 2.4 £ 0.4 | hexagonal wurtzite (112) ZnO
27.3+0.3 72+0.7 orthorhombic (111) HfO,
31.65 £ 0.04 | 5.84 £0.06 -
HTO 47.88 13.16 -
53.10 11.00 -
62.00 12.00 tetragonal (222) HfO,
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Besides the structure of the deposited films, the nanolaminate system needs to be analysed
likewise. It is important to understand if the layers are parallel, individualized, and have the
required periodicity. Simply, it is necessary to ensure that the developed multilayer systems are
proper nanolaminates. To inspect this, a nanolaminated system with a total of 66 layers was
specially designed and analysed through STEM. The bilayer is formed by 3 nm SiOx and 3 nm
SiNy on top, and repeated 33 times. As discused in Chapter 3, this is a costly technique and the
sample preparation is very time consuming, so only one sample was investigated. The PECVD
was chosen to deposit such system due to the higher deposition rate and the higher deposition
temperature (near 300° C) used in comparison to Magnetron Sputtering. If the layers do not fuse
at this temperature, they should also keep its nanolaminate structure when deposited by Magnetron

Sputtering (films deposited at RT).

The nanolaminate HAADF STEM image in Fig. [4.6] shows that the layers are separated and
do not merge at ~ 300° C. Moreover, the bottom layers display less roughness than the top layers.
From the middle up is clear that some sublayers may have higher thickness than 3 nm and some
un-homogeneity may occur during the deposition of the upper layers. However, this was observed

for thickness higher than the ones considered in the studied nanolaminate systems.

Figure 4.6: STEM-HAADF image of a 33x(3 nm SiOx + 3 nm SiNy) nanolaminate. The blue line highlights the region
where the EDS linescan region was performed.

Additionally, a STEM analysis with EDS and HAADF was performed. An 80 nm line, per-
pendicular to the parallel layers, at the right bottom corner, as represented in Fig. [f.6] with a blue
line, corresponds to the around 12 bilayers inspected. The HAADF intensity plotted in Fig. 4.7]
shows a constant bilayer thickness of 5.2 nm, which reflects the average value of the distance be-
tween two consecutive maximums and with a standard deviation of 0.2 nm. Thus, was obtained a
13.6% deviation from nominal value of 6 nm. Note that, as no thickness control occurs during the
PECVD and Magnetron Sputtering deposition, differences from the nominal values are expected

in the final thicknesses.
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Figure 4.7: HAADF intensity line profile.

In order to understand the elemental distribution in the multilayer system, EDS was perfomed.
The normalized O, N, and Si EDS line profiles, presented in Fig. [4.8] reveal the identification of
these atomic elements. The EDS line profile was only executed in the ~ 15-45 nm region of the
HAADEF line profile represented in Fig. f.7] In the first analysed nanometres a high Si, and no O
and N can be observed, which corresponds to the Si substrate of the nanolaminate system. It is
clear that the Si content varies, but in general, it has a constant value. The N content has a periodic
variation, with distinct maximums and minimums. The period of this variation can be estimated to
be around 5 nm, which is in agreement with the value estimated with HAADF profile. Regarding
the O content, the line profile should have a similar shape to the N one, with periodic maximums
and minimums, although shifted ~ 2.5 nm with respect to the N profile. Meaning that the O
maximums correspond to the N minimums, and vice versa. This is expected, since the SiOy layer
should have a higher amount of O and none N, and a SiNy layer none O and higher N. However,
the O content does not have a minimum at ~ 16 nm and 22 nm, where it is expected to exist one.
So, these results indicate that the SiNy may have a O content. This aspect needs to be tackled in
more detail since the material may not have the expected composition, which will have an impact

on the fundamental properties of the tailored systems containing nominal SiOy.
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Figure 4.8: EDS line profile for N, O and Si elements for the 33 x(3 nm SiOyx + 3 nm SiNy) nanolaminate.
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4.2 Elemental Quantification

The elemental composition of the samples was tentatively quantified through XPS quantification
as it is described in Section A XPS survey spectrum, from 0 to 1200 eV, was acquired for
each individual layered sample and selected nanolaminates, to obtain an overview on the sample
elemental composition. A representative survey spectrum of sample SS0.1 is presented in Fig.
[C.1] Appendix [C| Then, the C 1Is, O 1s, and other expected elements, according to the nominal
composition, were acquired, in the respective ranges (see Table[3.7)), with high energy resolution.
Two sets of measurements were done in these ranges: (1) a Surface one, in which the sample is
analysed as loaded in the equipment and (2) a Clean one, with the removal of surface impurities.
The surface is cleaned with an Ar gun through sputtering. Afterwards, the obtained spectra were

investigated and analysed as follows (using the Avantage 5.988 software):
1. The C 1s spectrum is analysed, in order to inspect the C-C and C-O bonds;

2. The O 1s spectrum information is cross-linked with the one obtained from the C 1s spectrum.
If no C-O bond was found in the C 1s spectra, one should not be found in the O 1s range. If

a C-O is found in the C 1s, this bond may also appear in the O 1s, and vice versa;
3. To finalize, the remaining spectra must be studied, always based on the latter information. EI

One remaining aspect regarding the spectrum analysis needs to be considered. The measured
spectra can be shifted by a certain energy value. This means that the fitted, and then assigned
peaks, may not have the centre equal to the tabulated energy. To determine this constant shift
throughout the spectrum, the C 1s spectrum region is fitted, and the deviation of the C-C bond
peak centre in relation to the tabulated value, 284.4 eV, is determined. [113} [114] This shift is
typically measured in the C 1s spectrum region because is an organic contamination, and is not
influenced by the sample. [[114] Although measured in C 1s spectrum region, it must be verified in
all measured peaks. Such analysis is necessary for the peak identification, but is more important
in electronic values determination, in order to avoid erroneous results.

Firstly, the individual layers SS0.1, SS0.2, TZ0.1, TZ0.2, and HTO were measured, to study
their composition. It is expected that SSO.1 and SS0.2 may experience some deviation from the
planned stoichiometry, due to possible variations in the plasma reaction. However, samples TZ0.1,
TZ0.2, and HTO should maintain the target stoichiometry, since only an inert gas is inserted in the
deposition chamber, and the only material on the chamber is the one removed from the target.

Primarily, the impact of the surface clean procedure on the samples element quantification was
evaluated. For that purpose, SiOx and SiNy individual layers, on Si substrate, were studied before
(Surface) and after the clean process (Clean). Fig. .9|(a) and (b) show for sample SS0.1, the O 1s
spectrum for Surface and Clean, respectively. While Fig. (c) and (d) show the corresponding

Si 2p binding energy region. The main difference between the Surface and Clean spectra, when

ZNote that this analysis strategy is simplest and based on the work developed. A more complex analysis may be
necessary depending on the sample’s composition and some peaks that may appear (such as oxidation states, Auger
transitions, etc.)
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looked at a glance, is an area increase observed in the Clean spectra. This occurs because when
the surface is clean, a negligible part of the sample is removed trough sputtering. So, the X-rays
penetrate with no barriers or contaminations, and the surface resolution is enhanced. Even through,

the cleaning procedure was not able to completely remove the C-O bonds in this sample {#.9).
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Figure 4.9: As measured XPS spectra of (a) and (b) O 1s, and (c) and (d) Si 2p binding energy regions for Surface and
Clean analysis of sample SSO0.1, respectively.

Table 4.2: Sample SS0.1, Surface and Clean, elemental quantification.

Element \Substrate | Surface | Clean
0] 62.45% | 62.36%
Si 37.55% | 37.64%

After fitting, the quantification follows Eq. [3.23] Not all fitted peaks were considered, since
some are contaminations. Only the O-Si bond peak on the O 1s spectrum, and Si-O for the Si 2p
spectrum region were considered for the quantification of Si and O, respectively. The elemental
content for sample SSO.1 is presented in Table No substantial difference is seen in these val-
ues, since the O content is 62.45% and 62.36% for a Surface and Clean analysis, respectively, and
the Si content is 37.55% for Surface and 37.64% for Clean analysis. Considering this quantifica-
tion, the deposited layer is estimated to be SiO; 7, when cleaned. Thus, O loss was obtained in

comparison to the SiO; stoichiometry.

51



4. Results and Discussion

For sample SS0.2, Fig. (a), (¢), and (e) represent the O 1s, N 1s and Si 2p surface binding
energy regions for a surface analysis, respectively, while Fig. 4.10](b), (d), and (f) show the O 1s,
N 1s and Si 2p clean binding energy regions. Comparing (a) and (b) it is noticeable the absent
C-O peak after the cleaning and a decrease in O 1s area. From (c) to (d) a slight increase on the

N-Si clean bond in comparison to the N-Si surface is observed, and from (e) to (f) no clear change

is observed.
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Figure 4.10: As measured XPS spectra of (a) and (b) O 1s, (c) and (d) N 1s, and (e) (f) Si 2p binding energy regions
for Surface and Clean analysis of sample SS0.2, respectively.

Table 4.3: Sample SS0.2, Surface and Clean, element quantification.

Element \Substrate | Surface | Clean
O 11.78% | 8.08%
N 41.82% | 46.10%
Si 46.40% | 45.82%

Doing the quantification estimation with O-Si of O 1s spectra, and all the observed peaks
in N 1Is and in Si 2p spectra, the values reported in Table [4.3] are obtained. It is observed a
reduction on O, and an increased content of N, compatible with the observed trend in Fig. {.10]
An approximately 4% variation in the O and N content are noticed, highlighting the clean effect.
Sample SS0.2 should be composed of Si and N, nothing else. However, as the sample has a large
area O Is peak, this element was introduced in the quantification. Thus, instead of SiNj it is
SiOxNy, where x value is estimated to be 0.2 and y to be 1.0, giving SiOg ;N o for the Clean
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spectrum. For a better understanding of the high O content and easy comparison with the SizNy
stoichiometry, the x and y can be determined for SizOxNy, giving Si305N3 .

As realized with samples SS0.1 and SS0.2, the sample surface cleaning is necessary and has an
influence in the quantification values. Another preliminary study was conducted for single layers
of TiOy, ZnOy, and HfOy to study the impact of different substrates, Si and SLG. No difference
is expected since the deposition conditions are nominally the same. Fig. {.11] (a) and (b) show
sample TZ0.1 O 1s binding energy region in Si and SLG substrate, respectively, and Fig. (c)
and (d) the Ti 2p binding energy region in Si and SLG, respectively. Doing a simple comparison
between (a) - (b), as well as (c) - (d), no clear differences are observed for the sample deposited
on Si and SLG. Although, two artefacts were noticed: (1) in Fig. F.11](c), SLG substrate at ~472
eV a satellite is observed, which is associated to a charge transition from an O 2p,, orbital to a
Ti 3d,, [115]; and (2) in both substrates, Fig. (¢) and (d), was identified as a Ti sub-oxide
states at low energies. These sub-oxide states are not part of the film, they appear after the Ar gun
cleaning. The Ar-TiOy interaction excites the Ti atoms and produces different Ti-O bonds with

lower energies. (116, [117]
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Figure 4.11: As measured XPS spectra of (a) and (b) O 1s and (c) and (d) Ti 2p binding energy regions for sample
TZO0.1 on Si and SLG substrate, respectively.
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Table 4.4: Element quantification sample TZ0.1, deposited on Si and SLG.

Element \Substrate Si SLG
O 67.53% | 67.08%
Ti 32.44% | 32.92 %

The quantification values, for sample TZ0.1, reported in Table [f.4] are performed with the
O-Si peak of the O 1s spectrum and the Ti 2ps;, of the Ti 2p spectrum. Only the Ti 2ps/, of
the Ti 2p spectrum, was considered since is better defined, and because the Ti 2ps;, and Ti 2p
provide similar information. The result shows that when the x value in TiOy is determined, a small
deviation is observed. For Si x = 2.1 and for SLG x = 2.0. This deviation appears to be significant

due to round up, but the whole value difference is only ~ 0.5% on the elements quantities.

Sample TZ0.2 is analysed in Fig. {.12] where (a) and (b) display the O 1s binding energy
region for Si and SLG substrates, respectively. While Fig. [4.12] (c) and (d) displays the Zn 2p
binding energy region for Si and SLG substrates, respectively. The most noticeable fact in TZ0.2
spectra, is the intensity of the Zn 2p peaks, in Fig. #.12](c) and (d), when compared with the other
ones (O 1s, N 1s, Si 2p, Ti 2p or Hf 4f). The peak intensity is one order of magnitude higher,
because the Zn 2p3,, element RSF value is one order of magnitude higher then equivalent value
for the other elements. Also, the Zn peaks in 1010-1055 eV region are much sharper and with a

Lorentzian behaviour. For Fig. @ (c) and (d), no clear difference is seen.
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Figure 4.12: As measured XPS spectra of (a) and (b) O 1s and (c) and (d) Zn 2p binding energy regions for sample
TZ0.2 on Si and SLG substrate, respectively.
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Table 4.5: Elemental quantification sample TZ0.2, deposited on Si and SLG.

Element \Substrate

O

Zn

Si SLG
40.32% | 41.38 %
59.68% | 58.62 %

Furthermore, the elemental percentage of sample TZ0.2, reported in Table 4.5 was preformed

by fitting Zn2 p3,, on the Zn 2p spectrum, and the O-Zn peak on O 1s. The elemental percentage

show mostly equivalent results for Si and SLG, and the x value, in ZnOy, is determined to be equal

to 0.7 for Si and SLG. The considered composition is ZnOg 7 which shows lower O content then

the nominal value, ZnO.

Finally, the sample HTO is analysed. Fig. .13](a) and (c) show the O 1s binding energy region

for Si and SLG substrates, respectively, and (b) and (d) displays the Hf 4f binding energy region

for Si and SLG substrates, respectively. Comparing Fig. 13| spectra, (a) with (c), and (b) with

(d), no clear difference are noticed.
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Figure 4.13: As measured XPS spectra of (a) and (b) O 1s and (c) and (d) Hf 4f binding energy regions for sample

HTO on Si and SLG substrate, respectively.
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Table 4.6: Elemental quantification sample HTO0, deposited on Si and SLG.

Element \Substrate Si SLG
o) 64.82% | 64.9%
Hf 35.18% | 35.1%

The elemental quantification of sample HTO0, shown in Table [4.6] was preformed with the O-
Hf peak on O 1s spectrum and with the Hf 4f7;5 peak on Hf 4f spectrum. No clear difference is
observed, as reported for samples TZ0.1 and TZ0.2, and the x value, in HfOy, is determined to be
equal to 1.8, where O content is lost when compared to the nominal values HfO,.

From this XPS quantification and simple analogy, is possible to conclude that the cleaning
procedure has an effect on the data, and no significant differences were observed when depositing
films on Si or SLG. Only the sample TZ0.1, TiOy, kept the nominal composition as TiO,. It
is important to highlight the importance to study the individual materials to better understand
nanolaminate systems. These obtained deviations from the nominal compositions may have an
important impact on the latter performance of the nanolaminated systems.

Following the individual layers quantification, it is possible to apply the same XPS approach to
the nanolaminate systems, and evaluate their compositions in comparison to the individual layers.
Based on the former results, expected values for the nanolaminate systems composition were
estimated considering an X-ray average depth of 10 nm. A schematic representation of the
top 10 nm of each sample is presented in Fig. .14] to guide the interpretation of the nanolaminate

systems quantification results.

H SION
$S10.1 $S10.2 oy

W TiO,
SS5.3 SS5.4

TZ2 ZT3 HT2

Figure 4.14: Representation of the top 10 nm of samples SS10.1, SS10.2, SS5.3, SS5.4, TZ2, ZT3, and HT2. Based
on the existent, complete or incomplete, layers on the top 10 nm, a material percentages can be determine. For sample
SS10.1, SS10.2, SS5.3 and SS5.4, the SiO«/SiNx are 50%/50%, 40%/60%, 20%/80% and 70%/30%, respectively.
For sample TZ2 TiOx/ZnOx = 50%/50%, sample ZT3 ZnO/TiOx = 20%/80%, and for sample HT2 HfO4/TiOx =
0%/100%.
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The nanolaminated XPS spectra of samples SS10.1, SS10.2, SS5.3, SS5.4, TZ2, ZT3, and
HT2E| were analysed with the strategy described before. The SS10.1 spectra can be seen in Fig.
[.15] for (a) O Is, (b) Si 2p and (c) N 1s binding energy regions. The remaining samples spectra
in the regions of interest can be found in Appendix [C] Note that for the nanolaminate systems
more ranges of binding energy had to be analysed per sample, since each sample is composed of
more elements. In SS10.1 O 1s spectra (Fig. [A.15] (a)), is clear the appearance of a new peak,
when comparing the samples SiOx and SiNx O 1s spectra, corresponding to a C=0 bond [118].
This bond was also observed on the C Is (not displayed). The Si 2p and N 1s spectra (Fig. f.13|
(b) and (c)) show similar peaks as observed in both single layers of the materials that compose
this nanolaminate. An equivalent qualitative analysis of the reaming nanolaminated systems XPS

spectra can be seen in Appendix [C]
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Figure 4.15: As measured XPS spectra of (a) O 1s, (b) Si 2p, (c) Ni 1s binding energy regions for Clean analysis of
sample SS10.1, respectively.

3The spectra presented correspond to samples in Si substrate and after cleaning with the Ar gun.
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Table 4.7: Measured and expected elemental quantification of samples SS10.1, SS10.2, SS5.3, and SS5.4.

Sample SS10.1 SS10.2
Element | Measured | Expected | Measured | Expected
Si 4787 % | 41.73% | 4795% | 42.55%
N 2744 % | 23.05% | 24.62% | 27.66%
o 2469 % | 3522% | 2744 % | 29.79 %
Sample SS5.3 SS5.4
Element | Measured | Expected | Measured | Expected
Si 4641 % | 44.19% | 4450% | 40.10 %
N 4351 % | 36.88 % 1780% | 13.83 %
O 10.04 % | 18.94 % 3770 % | 46.08 %

Table [4.7]list the experimentally obtained and expected values for the analysed SiOx and SiN
based nanolaminates. For all samples, the Si percentage is higher than expected. This may suggest
that the X-ray penetration depth is higher than the stated 10 nm. In this case, more layers are
scrutinized and the Si percentage increases, since it is the common element in the two compounds.
In samples SS10.1, SS5.3, and SS5.4, the N amount is higher and the O is lower then the estimated
values. If assumed the above discussed X-ray penetration depth higher than 10 nm, this may
explain the composition obtained for samples SS10.1 and SS5.3. However, the SS5.4 composition
cannot be explained by this hypothesis, since the following layer to be analysed should be SiOy.
Thus, a lack of control in the thickness value of the sublayers during deposition may explain the
aforementioned results.

On the other hand, for sample SS10.2 it is observed a decrease in N and O. Comparing the
N and O variations from the excepted values, it may be assumed a competition between N and
O during the film deposition, since a N increase leads to a O substantial decrease, but when N
decreases, O also decreases by an equal amount. This deficient control over the element composi-
tion, in the PECVD deposition, is the most probable cause for the observed deviations. The lower
O content on the individual layer of SiOy, and low N content and high O content on the individual
layer of SiNy corroborate this cause. Also, some NOA’s previous studies found an SiOx film with
x = 1.8, and a relative high H content, seen in the REELS spectrum, which further confirms this

hypothesis.

Table 4.8: Measured and expected elemental quantification of sample TZ2, ZT3, and HT2.

Sample TZ2 ZT3 Sample HT2

Element | Measured | Expected || Measured | Expected | Element | Measured | Expected
Zn 26.65% | 29.84 % 6.00 % 11.94 % Hf 4.76 % 0.00 %
Ti 10.75% | 1622 % 2990 % | 25.95 % Ti 3294 % | 3243 %
O 62.60 % | 53.94 % 64.10% | 62.12 % o 62.30% | 67.57 %

Table [4.8] presents the elemental quantification of ZnOy, TiO,, and HfOy based nanolami-

nates. The composition obtained for the TZ2 samples is not explained by considering a sublayer
thickness variation in the structure of the nanolaminate or a change in the penetration depth. So,

it is considered that the sublayers composition are different from the single layers that compose

58



4. Results and Discussion

this nanolaminate, studied previously. For sample ZT3, the increase in Ti and O, and decrease of
Zn can be justified with a decrease of the penetration depth or a higher TiOx sublayer thickness.
Finally, the HT2 shows a reasonable amount of Hf while none should be detected. This can be
accounted by the increase of the penetration depth or smaller TiOx sublayer thickness, when com-
pared with the nominal value. These XPS results show a higher control in the composition when
the films are deposited by Magnetron Sputtering, when compared to PECVD, although the results
are compatible with sublayer thickness variations from the nominal value, also observed in TEM

results for a nanolaminate deposited by PECVD.

4.3 Optical Properties

Succeeding the structure and composition characterisation, the optical properties were studied.
This is an important aspect since it is the core property of an optoelectronic device. Regarding
CIGS solar cells, the major optical losses are due to light reflection, parasitic absorption and
incomplete absorption in the NIR range. To overcome these problems, light management like
ARC and texturization, or the introduction of nanostructures can be employed. [46] A simple
analysis of the layers and incoming light interaction with Fresnel equations can be performed.
[119] It is observed that to minimize the total solar cell reflectance, the designed electron selective
contact should have a refractive index of about 2-2.5 at 600 nm, depending on the thickness (30
to 50 nm). For a hole selective contact at the rear, the minimum possible refractive index value
at 600 nm should be searched for, to provide high reflectance and minimize the incomplete NIR
absorption. These calculations were based on measured optical constants for the CIGS solar cell
layers [120, 121} [122]], and serve as a base for the refractive index value goal. The extinction
coefficient was not considered since the materials used are almost transparent, only exhibiting
small absorbance below 400 nm.

The starting point was the optical constants definition of the substrates, Si and SLG. A 725
nm Si and a 2 mm SLG substrate were characterized, to latter being introduced in the samples
optical model. The Si layer was successfully modelled by two Lorentz dielectric functions, and
the SLG by the Cauchy model, resulting in refractive index of 3.93 and 1.53, at 600nm, with 1.037
and 2.484 MSE values, respectively. The obtained optical constants are shown in Fig. side
by side with reference Valuesﬂ [[123} [124]] Since Si is an opaque material, no light is reflected in
the back. Thus, no interference occurs in the reflected beam, and no thickness information can
be retrieved. Regarding SL.G, the material is fully transparent so, many reflections occur and the
model becomes complex. Hence, for simplicity and easy fitting, the substrate thickness was also
introduced. The determined n values have a small deviation from the theoretical ones. On Si,
the major deviation is observed on the extinction coefficient (k) and near the 400 nm value for
n. The latter deviation occurs because the ellipsometer is capable of only measuring from ~ 370
nm to 1000 nm. Since, Si has high absorbance in ~ 375 nm and only part of the spectral region

is analysed, the software struggles to fit accurately this spectral region. The SLG determined

4The optical constants reference values were selected from the available literature to further confirm the optical
modelling, and aid the results discussion and data correlation.
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optical constant exhibits a difference of approximately 0.02, which suggests good modelling. This
difference, although small, can be explained by the different and varied contaminations or element

contents that may occur in SLGs.
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Figure 4.16: Optical constants of (a) SLG and (b) Si substrates, and respective reference values. [125,126]

Subsequently to the substrate’s analysis, the individual layers are analysed, providing a basis
for the optical properties study in nanolaminates. Fig. [#.17] presents the n of sample SS0.1 and
SS0.2, individual layers of SiOy and SiNy, with reference optical constants for SiO, [125] and
Si3Ny [126]. Samples SSO.1 and SS0.2 were modelled by the Cauchy model, and resulting in a
refractive index of 1.95 and 1.48 at 600 nm with MSE values of 2.387 and 4.597, respectively.
The measured SS0.1 refractive index dependence on wavelength follows the trend observed for
the SiO, reference, which is in concordance with the composition result of SiO;g. For SS0.2,
the measured and reference Si3N4 curves do not match, since the studied sample has a lower N
amount and a significant O content. Although, the observed trend suffers an overall decrease in
the n value due to the higher O content. It is not the clear N content effect the on the refractive
index. [127]]
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Figure 4.17: Samples SS0.1 and SS0.2, and SiO; and Si3Ny4 reference refractive index. [127,128]
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Next, samples TZ0.1 and TZ0.2, individual layers of TiOx and ZnOy, were also modelled
by the Cauchy model, which resulted in refractive index values of 1.91 and 1.87, at 600 nm,
with MSE value of 3.031 and 3.660. Despite both materials presenting some absorbance for
wavelength values lower than 400 nm, a transparent model was implemented. The chosen model
is supported by previous studies present in the literature. [[128} |129] Fig. shows the obtained
optical constants for samples TZ0.1 and TZ0.2, and reference values for TiOx [130] and ZnO
[131]. The experimental n curves in Fig. show deviations from the reference ones, lower
values for TZ0.1 and higher for TZ0.2. The n TZ0.1 deviation, from the reference counterparts,
it is not expected, since the individual layer characterisation shows a TiOx stoichiometry. It is
known that the deposition conditions determines the materials properties, and in the case of optical
properties, the final film density has a big impact. Studies for TiOx show that changes in the
deposition conditions, such as power and gas flow, can lead to different optical constants. [132,
133]] Similar to the deposition conditions, different methods can also originate different properties.
The reference values correspond to a TiO, film deposited by electron beam evaporation, which
may lead to a different n values. For sample TZ0.2, the n deviation corroborates the composition

results, since a lower O content was observed.
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Figure 4.18: Samples TZ0.1 and TZ0.2, and ZnO and TiO, reference refractive index. [132,133]

The last individual layer is of HfOy, sample HTO, which was also characterized by the Cauchy
model. Fig. shows the final optical constants with a refractive index value of 1.74 at 600
nm and an 8.001 MSE value, and reference refractive index of HfO,. [134] The MSE value
is higher than the ones presented before but acceptable. Recall that for the fitting process, the
software generates W* and A* values, based on the input or last interaction determined values,
and tries to match the measured y and A E} Besides this higher MSE value, the generated y*
and A* values were overlapped with the measured y and A. From the graphic in Fig. it
is possible to see that the optical constants of sample HTO0 have an approximately 0.2 down shift
from the reference data. This deviation was not expected, since, from the XPS results, the samples
have a lower than expected O content, which means the n should increase and not decrease as it

is observed. Although, as mentioned before the different depositions conditions and methods can

SIf necessary, recall the analysis procedure described in Sectionm
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lead to different properties, which was also observed for HfO, [135}[136]]. Moreover, the reference

values used arrived from a film deposited by electron beam evaporation.
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Figure 4.19: Samples HT0 and HfO, reference refractive index. [132,136]

The fact that the individual layers do not match the found reference values, reinforces the im-
portance of an initial bulk properties characterisation, before any design or tailoring. Since this
step is finished for optical properties, it is now possible to see how the nanolaminated properties
vary and how they relate to the individual layers. To determine the nanolaminate optical prop-
erties, it was applied the effective medium approximation, where the multilayer periodic system
is described as a single layer, in which the effective optical constants can de determined by an
weight average, resulting from sublayer thickness times the sublayer repetition. A
representation of the effective medium approximation can be seen in Fig. .20} The application of
the effective medium approximation, allows the ellipsometry optical model to consider one single
layer on top of a substrate. For nanolaminates, the Tauc-Lorentz and Cauchy models were used
in the optical model. The first one is for nanolaminate samples of SiOx-SiNy, and the second one
for the remaining samples. As the Cauchy model has the lower degree of complexity it was used
to model the individual layers, and the first one to be considered to describe the optical properties
the nanolaminate samples. Although, the nanolaminate systems of SiOx-SiN showed high MSE

values with this model, so the Tauc-Lorentz was the one considered.

Effective Medium

Substrate Substrate

Figure 4.20: Graphical representation of the effective medium approximation, in which a multilayer system can be
considered as a single layer.

The first set to be analysed is SiOx-SiNx with a 10 times bilayer repetition with different
sublayer thicknesses. El The optical constants of these samples are represented in Fig. [4.21l

6Also, Table in Appendix@ lists the refractive index, at 600 nm, for all samples, to aid the analysis.
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alongside the values obtained for the individual layers. The n curves of SS10.1 and SS10.2 show
different n values, although being design with equal SiOx and SiNy ratio. Looking at the XPS
quantification results, it was expected that the n value of the sample SS10.1 increased since it has
a lower O content, than the sample SS10.2. However, this is not what is observed since the SS10.2
refractive index is higher than SS10.1. This may be due to the difference in the N content. For the
samples SS10.3 and SS10.4 the one with higher SiNx, SS10.3, has higher n value, and one with
the higher SiOy, SS10.4, has a lower n value, compatible with the individual layers trend. Besides

some samples do not behave as expected, the MSE values show good fittings.
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Figure 4.21: Refractive index of the nanolaminates of SiOx and SiNy with a 10 bilayer repetition, alongside the
individual layers (SS0.1 and SS0.2).

The next set analysed, also of SiOx-SiNy, with a 5 times bilayer repetition is shown is Fig.
M.22] The n Curve SS5.2 and SS5.4 are overlapped, besides being designed with different
Si0O/SiNy ratios (2 and 3). This trend meets the XPS composition that shows a low O content
in sample SS5.4, which lead to a n increase. Similar, the sample SS5.3 n value may be more sepa-
rated from the sample SS5.1 n than nominally expected, due to the lower O content experimentally
obtained. The MSE values obtained are very close to the unit for all studied samples in this 5 times

repetition set.
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Figure 4.22: Refractive index of the nanolaminates of SiOx and SiNy with a 5 bilayer repetition, alongside the individ-
ual layers (SS0.1 and SS0.2).
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For the TiOx-ZnOx nanolaminates portfolio, two sets were studied: (1) nanolaminates in which
the bottom layer is TiOx and the top ZnOy and (2) nanolaminates with the reverse bilayer order. In
both, the sublayer’s thickness was varied, but having TiO/ZnOy ratio equal to one or higher. The
bilayer order was changed to see which architecture provide the best results since both materials
have relatively high conductivity, transparency, and may provide electron selectivity. Fig.
shows the obtained n value for samples TZ3, TZ2, TZ1.1, and TZ1.2, in which the MSE values
indicate a good fitting model. A major and important observation is that there are n values for
the nanolaminates that surpass the values obtained for the individual layers, that compose those

systems. While up to now, all sample’s optical constants were between the individual layers values.

Firstly, the sample TZ3 has the lowest n despite having the higher TiOx/ZnOx ratio. Neverthe-
less, considering the 80% TiOx nominally in its composition, the 7 is close to the TiOy individual
layer mostly for wavelength values higher than 600 nm. Second, samples TZ2 and TZ1.2, which
have equal TiOx/ZnOy nominal ratio (equal to 2), have close n values and trends. This high n value
is not expected since the XPS results of sample TZ2 show a lower metal composition, and high O
content. The sample TZ1.1, with TiO/ZnOy equal to 1, has an n curve almost overlapped with

the TiOx which was not expected considering the effective medium approximation.
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Figure 4.23: Refractive index of the nanolaminates of TiOyx and ZnOy, alongside the individual layers (TZ0.1 and
TZ0.2).

Fig. .24] shows the n values for the ZT nanolaminates set, of ZT3, ZT2, ZT1.2, and ZT1.1
nanolaminates. The MSE values for these curves are higher than the latter ones, but still show
good fittings. Contrary to sample TZ3, ZT3, which has the same TiO4/ZnOx ratio, has the highest
n value, which is compatible with the highest TiOx nominal content. Moreover, in XPS analysis,
its observed a significant loss of Zn and high Ti content, which further justify the high n value.
Next, the n values for ZT2 and ZT1.2 samples should be overlapped. However, its observed
a deviation of sample ZT1.2 for lower n values in comparison to ones obtained for ZT2, and
equivalent nominal ratio TZ2 and TZ1.2 samples, that have close values with a deviation of 0.03.
Sample ZT1.1 has equal TiO4/ZnOy ratio of samples TZ1.1, and also its observed the same n value
at 600 nm, 1.94 and 1.93, respectively.
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Figure 4.24: Refractive index of the nanolaminates of ZnOy and TiOy, alongside the individual layers (TZ0.1 and
TZ0.2).

The last set is composed of HfOx and TiOx layers. The two nanolaminate systems created
have the same HfO/TiOy, equal to 2, and the corresponding n curves are presented in Fig.
The values were obtained with good MSE, 3.83 and 2.73 for sample HT1 and HT2, respectively.
For this sample’s set, the nanolaminate systems n values stay between the individual layer’s val-
ues. Since sample HT1 and HT2 have the same HfO,/TiOx ratio, they should be overlapped.

Nevertheless, the difference between the two is small, about 0.03.
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Figure 4.25: Refractive index of the nanolaminates of HfOx and TiOx, alongside the individual layers (TZ0.1 and
HTO).

As mentioned in Section [3.4.3] to corroborate the optical constants obtained by ellipsometry,
UV-Vis-NIR spectrophotometer was used. With the optical constants, obtained by Ellipsometry,
the reflectance was determined, and then compared with the curves measured with the spectropho-
tometer. Fig. [4.26 shows the reflectance values, measured and determined, for six samples with
optical constants that do not fit the expected behaviour: SS10.1, SS10.2, ZT1.2, TZ0.1, TZ0.2 and
TZ3. Similarly, plots of the reflectance values, measured and determined, for the individual layer
samples are presented in Appendix D} It is clear that the measured and determined curves have dis-

crepancies, the fits present an underestimation of the n value for all the studied samples. However,
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the experimental and modelled curves have an identical trend. Thus, the closer behaviour can be
indicative that the model used, described the overall behaviour for all the samples. Regarding the
observed discrepancies, two points can be discussed: the sample’s thickness and the n value. The
thickness used in these calculations was determined by ellipsometry, alongside the optical con-
stants. Although with small uncertainness, those values can be incorrectly obtained if the optical
model is not the most suitable. Nevertheless, there is no evidence to support that. Appendix [D]lists
the nominal samples thickness alongside the measured values with the ellipsometer and profilome-
ter. Moreover, the trend and the small deviation between experimental values and the modelled
ones, supports the overcome of several nanolaminates n values regarding their individual layers
values. Only, these six samples are presented in the scope of justifying the observed misbehav-
ing of some optical constants samples. However, this reflectance and transmittance analysis were
performed for all samples, and the major deviation from experimental and modelled values was
of 5%, which validates the accurate determination of the optical constants. It can be seen, in all
graphics, a small reflectance drop on ~ 900 nm. This artefact, corresponds to the detector swap

inside the spectrophotometer.
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Figure 4.26: Measured and determined reflectance plots, with the measured and determined with optical constants (n,
k), for samples (a) SS10.1, (b) SS10.1, (¢) ZT1.2, (d) TZO0.1, (e) TZ0.2, and (f) TZ3.
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To conclude the optical properties study, it can be said that these vary upon changing the
nanolaminate architecture, and that a system can be thoroughly designed to exhibit a specific
optical constant value. Although, lack of control in the nanolaminate deposition process may,
along with the experimental constraints to obtain the overall nanolaminates composition, lead to
the failure of the effective medium optical constant dependence. Considering the integration of
the developed nanolaminates as electron selective contacts in CIGS solar cells, several TiOx and

ZnOy based nanolaminates present n values in the required range.

4.4 Electronic Properties

Knowing the electronic properties is fundamental when designing of selective contacts. As
mentioned in Section [2.3.2] is the band offsets between the selective contact and absorber/emitter
that block or allow to pass the charge carriers. Hence, an electronic characterisation of the samples
created is necessary, to uncover if the chosen materials have an electron or hole selective contact
profile, or even neither. The techniques used, XPS, UPS and REELS, were detailed in Section
[3.4.4] and the graphical methods used to determine the electronic values are described in Table
B.8l

Fig. describes how to outline the samples band diagram with the calculated values. There
are no order for the execution of this determination, but Fig. shows the process flow of this
work, which starts with the E, determination through REELS, which allows to know the Ey and
E¢c separation. Then, its determined the Er — Ey value, by XPS or UPS, to locate the Ef. To
finalise, the work function value (Wr = ¢) is determined by UPS, which translates the separation

of the Er and the vacuum energy (Ey,.) - energy of a free electron.

() Ec (i) Er-Ey (iiii) We
—=Vac
Ec Ec Ec
------- T-----EF o
E, Ey E,

Figure 4.27: Representation of the construction of the band diagram with the measured values. First with (i) the
bandgap (Eg) from REELS, then (ii) EF — Ey from XPS or UPS, and, to conclude, (iii) the work function (Wf) from
UPS.

Before presenting or discussing the electronic structure of the studied samples, the graphic
methods described in Table are exemplified. Fig. shows the E, and Er — Ey calculation
for samples SS0.2 and HTO. Fig. @ (a) and (b) show the Ej, determination through the REELS
spectra. The complete REELS spectrum is not presented, but it is clear the existence of a maximum
at 0 eV. Going to higher binding energies, a small and broad peak can be seen, highlighted with a
circle in both spectra, which indicates H in the films. Then, a minimum occurs and afterwards a
linear increase in the counts/s is observed, where the linear regression is done and the interception
of this fit with the abscissa value corresponds the E, value. Fig. @ (c)-(d), and (e)-(f) show
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the Er — Ey determination with XPS and UPS, respectively. On these plots, at minimum energies
around O eV, the counts/s is null. Then, for higher energies, the values of counts/s start to increase,
followed by linear behaviour. From the linear regression abscissa value interception, the Er —
Ey value is determined. Moreover, for the XPS Er — Ey determination, the spectrum energy
shift, discussed in Section .2 needs to be taken into count. The abscissa interception value
must oppositely shifted to provide accurate results. Although with the same information and
corresponding to the same band diagram region, the XPS ((c) and (d)) and UPS ((e) and (f))
spectra have different resolutions with may be due to the different incident photons energy.
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Figure 4.28: Graphical methods to obtain the electronic structure. (a) and (b) are the REELS spectra, (c) and (d) the
XPS spectra, and (e) and (f) the UPS spectra of samples SS0.2 and HTO, respectively.

The exemplified determination of Er — Ey in samples SS0.2 and HTO, with XPS and UPS,
shows null counts/s at energies close to 0 eV. Although, this is not observed for all measured spec-
tra as shown by the UPS SS0.1 presented in Fig. .29 In these cases, in the determination of
Er — Ey value, this minimum counts/s value, different from 0, needs to be considered. Two step
process needs to be tackled: (1) the linear region with zero slope values is fitted in order to de-
termine minimum average value; (2) the Er — Ey determination follows the mentioned procedure,
however the interception is done with the minimum average value, instead, as previously, with the
abscissa. In the case sample SSO0.1 UPS spectrum presented in Fig. [4.29] it was considered the
interception of the linear fit with the 4.78 x 10° value.
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Figure 4.29: UPS spectra of sample SS0.1, where the linear regression interception was not done on 0 counts/s value
but on 0.0487 counts/s.

The results of the samples E, and Er — Ey values, obtained by REELS, and XPS and UPS,
are presented in Table f.9] To guide the electronic discussion through, reference values for SiO,,
SizNy, ZnO, TiO,, and HfO, from literature are used, and presented in Table

Table 4.9: Electronic values (E; and Er — Ey) and associated uncertainty, calculated by error propagation, determined
by REELS, and XPS ans UPS, respectively.

Sample || E; (eV) SEg (eV) TPS EF5 Ev )(((;\g) 5
SS0.1 8.2 0.8 453 1001 49 | 02
SS0.2 6.5 0.1 388 1005 34 | 06

SS10.1 || 5.14 0.09 1 ° 6 6

SS10.2 5.09 0.07 509 [ 005 49 | 03
SS5.3 5.38 0.08 6 6 6 6
SS5.4 7.8 0.2 6 6
TZ0.1 3.98 0.08 321 1005 35 | 02
TZ0.2 3.4 0.1 3.02 | 0.02 || 3.12 | 0.09

TZ2 3.47 0.07 3.08 1003 ] 20 | 02
ZT3 4.0 0.1 273 1003 ] 26 | 0.1
HTO 6.1 0.1 246 002 32 | 0.1
HT2 3.9 0.1 236 003 ] 24 | 02

Table 4.10: Materials reference electronic values, and respective articles from where the values were retrieved.

Material | E; (eV) | ¢ (eV) | EF —Ey (eV) Atrticle(s)
Si0O, 8.00 5.15 3.75 [140]
SizNy 5.30 4.80 2.30 [141]
TiO, 3.20 5.40 2.00 (142,143, 144]
Zn0O 3.20 4.10 3.00 [145]
HfO, 5.70 5.00 2.58 (146l 147

The E, values for the individual layers, SS0.1, TZ0.2, and HTO, have a value close to what was
expected considering the references value from Table #.10} Sample SS0.2 was expected to have a
E, close to 5.3 eV, if it is consider the Si3;N4 nominal composition, although the determined values

is compatible with the XPS estimated composition of reference SiOg, N o. [148]] Samples TZ0.1

7For this sample was not possible to determine Er — Ey with UPS or XPS, since no linear behaviour was found.
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and HTO also have a higher bandgap values than the references considered, however lower than 0.8
eV. REELS has a penetration depth of about 2-3 nm, which means for most nanolaminate systems,
only the top layer will be analysed. On nanolaminates SS10.1, SS10.2, SS5.3, and SS5.4, the
sublayer thickness is less or equal to 3 nm which may justify the obtained results of lower and in
between E, values when compared with the individual layers. In order to understand the obtained
E, values, the effective medium approximation was considered in this samples set. For the E,
values of samples SS10.1, SS10.2, and SS5.3, below the ones of the individual layer values, cannot
be explained by the effective medium approximation. On the other hand, for sample SS5.4 with
ratio SiOx/SiNy equal to 1/3, the effective medium appropriation leads to a 7.8 €V E, value, which
matches the experimental value. In order to understand if the effective medium approximation
can describe the REELS E, values, a special sample of TiOy and ZnOy with 1 nm thick sublayer
was created (15x( 1 nm ZnOy + 1 nm TiOy)). It was obtained an E, of 4.1 & 0.1 eV, which it is
not explained by the effective medium approximation, being closes to the TiOx E, value, which
is the top layer. Once again, this may suggest a lack of control on the sublayer thickness. For the
remaining nanolaminates, the obtained E, values are close to the one of the top individual layer.
Closer Er — Ey values were determined by UPS and XPS, excluding TZ2 with a 1 eV devi-
ation. Nevertheless, only XPS will be analysed, due to UPS experimental constraints, discussed
later in the text. Looking at the individual layers E, and Er — Ey, it is possible to establish the
materials type conductivity. Since samples SS0.1, SS0.2 and HTO present a middle gap Er — Ey
value, thus are considered insulators. However, the results of samples SS10.2 points to n-type con-
ductivity. Sample TZ0.1 and TZ0.2 have a Er — Ey value close to E, value, translating a n-type
semiconductor behaviour. Results of samples TZ2 and ZT3 points a significant loss in the n-type
conductivity. Regarding sample HT2, which combines a n-type and an insulator materials, a weak
n-type conductivity was achieved. Results of samples TZ2 and ZT3 conductivity are compatible
with the lower density of O vacancies in the lattice.[149] On the other hand, samples HT2 gained
some n-type conductivity, probably due to the increase of O vacancies, accordingly to XPS results.

At this point, the work function (¢) determination is missing. In this regard, two key values
are required in order to establish the spectrum region of interest, that goes the Fermi level (Er) to
the cut-off energy. The determination of these regions is not straightforward. Fig. (a) shows
the UPS spectra of samples SS0.1 and SS0.2, and Fig. [4.30] (b) for samples TZ0.1, TZ0.2 and
HTO. Starting with an analysis the cut-off energy, which is characterized by a sharp decrease in
the counts/s. Looking to sample SS0.1 and SS.02 spectra in Fig. f.30| (a), no clear cut-off energy
is observed. Nevertheless, if cut-off energy exists, it will be close to 16 eV. Regarding samples
TZ0.1, TZ0.2, and HTO spectra in Fig. #.30](b), these may have a cut-off energy at approximately
16.2 eV, for all samples. Regarding the Fermi level values, those should be located at the start
of a small plateau at low energies close to 0 eV. Notwithstanding, this plateau was not found in
any sample, as seen by the insets figures. The only region that was identified corresponds to the
valence band region, where it was determined the Er — Ey value. Since no Fermi level energy can
be found, it is a common procedure to consider 0 eV as the Fermi level, to obtain the work function
value. [[150] However, by considering the Er value as 0 eV, the work functions will the same

for all samples since the considered cut-off energy are approximately the same for all samples,
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which is not compatible with the previously analysed electronic structure. Considering that the
cut-off energy is a sharp drop in the counts/s, none of the samples present clearly this behaviour,
due to of the small kinetic energy of the electrons, which make its detection very difficult. In
order to overcome this difficulty, a small negative voltage on the sample/holder system can be
applied to allow the electron sufficient kinetic energy to escape this system. [151]] Regarding the
Fermi level, its energy value is located between the conduction and valence band in insulators and
semiconductors, classes where the samples are included, which is a much difficult procedure when
compared to metals. So a metal contact between the sample and the holder must be introduced, in

order to facilitate the samples and holder Fermi lever alignment. [[151]
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Figure 4.30: Complete UPS spectra of samples (a) SSO.1 and SS0.2, and (b) TZ0.1, TZ0.2 and HTO. The insets
represent a zooming in on the binding energy region where the Fermi level plateau should exist.

Thus, an experimental design to study the bias and contact effect on the measurement was
implemented: (1) bias dependent measurements with a carbon (C) sampler-holder contact; (2)
bias dependent measurements with a copper (Cu) sampler-holder contact. For these experiments
the sample ZT2 UPS spectrum was measured at 0, -1, -2, -3. -4 and -5 V. The REELS spectrum

was also measured, at 0 eV, allowing a complete electronic structure discussion.
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Carbon Contact

On C contact configuration, it was estimated a 4.1 + 0.2 eV bandgap value, which is consistent,
since it is close to the TiOx Eg value. The REELS spectrum of sample TZ0.1, not shown, is
similar to the ones discussed before. Following, the UPS spectrum was measured at different
bias voltages. Fig. (a) to (f) show the sample ZT?2 for O to -5 bias voltage, in -1 increases,
respectively. In Fig. 4.31](a), (b), and (c) no major changes were observed between the spectra. A
small redshift with increase of the bias voltage values is seen in the possible cut-off energy region,
represented by a vertical line. However, for bias voltages equal to -3 V or higher (Fig. .31 (c),
(d) and (f)), the cut-off shape clearly appears. Additionally, the cut-off energy redshift between
different applied voltages is more significant, and is equal to the difference between bias voltages.
Another important point is the increase in counts/s with the bias voltage increase. Since higher
bias voltage provides more kinetic energy for escaping electrons, then more electrons are able to
be detected.
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Figure 4.31: Complete UPS spectra of sample ZT?2, with the C tape contact,at (a) 0 V, (b) -1 V, (b) -2V, (b) -3 V, (b)
-4V, and (b) -5 V of bias voltage.

Fig. 4.32]display the valence band UPS region, for all samples spectra in Fig. .31 where the

Er — Ey value can be estimated as previously discussed. With increase bias voltage, is once again

clear a redshift in the spectra region, and a counts/s increase.
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Figure 4.32: Valence band region of the UPS spectra of sample ZT2, with the C tape contact, at (a) 0 V, (b) -1 V, (b) -2
V, (b) -3V, (b) -4V, and (b) -5 V of bias voltage.

To determine the work function (¢) and the Er — Ey, the applied voltage needs to be taken in

account to correct the experienced shift:

¢ =hv — (Ecyr—off — Bias) “4.1)
EF - EV = E() — Bias (42)

Here, E.;—ofy is the cut-off energy, and Ej it the linear regression abscissa interception. Note that
in the ¢ equation the Ef is considered to be at 0 eV.

Table 4.11: Work function ¢ and Er — E,, and associated uncertainties, calculated by error propagation, determined for
the C tape contact at different bias voltages values.

Bias (V) 0 -1 -2 -3 -4 -5
¢ (eV) 540 | 459 | 3.64 | 332 | 3.14 | 3.14
Er—Ey (eV) | 396 | 4.1 | 4.08 | 4.06 | 4.05 | 4.04
Op,—g, (€V) | 0.08 | 0.1 | 0.05 | 0.04 | 0.01 | 0.01
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Table lists the determined values of ¢ and Er — Ey, for the C tape contact, at different
bias voltages. As the applied voltage increases, the ¢ value decreases down to 3.14 eV where it
stabilises. This value is considered to be the accurate value. So, for the structural analysis it was
considered an E, of 4.1 - 0.2 eV bandgap, Er —Ey 4.04 £0.01 eV ,and ¢ 3.14 eV .

Copper Contact

Following the same procedure for the Cu tape contact, the UPS spectra are presented in Fig.
@ (a) to (f) for O to -5 bias voltage, respectively. The REELS spectra analysis lead to a E, of
4.05 £ 0.09 eV. As observed for the C tape, as the bias increased the overall UPS spectra are
redshifted, while the counts/s maximum remains mostly the same, which can be explained by a

better contact with the Cu tape.
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Figure 4.33: Complete UPS spectra of sample ZT2, with the Cu tape contact, at (a) 0 V, (b) -1 V, (b) -2 V, (b) -3 V, (b)
-4V, and (b) -5 V of bias voltage.

Table 4.12: Work function (¢) and Er — E,, and associated uncertainties, calculated by error propagation, determined
for the Cu tape contact at different bias voltages values.

Bias (V) 0 -1 -2 -3 -4 -5
¢ (eV) 578 | 424 | 3.75 | 3.69 | 3.60 | 3.60
Er—Ey (eV) | 3.4 | 352 | 3.48 | 3.51 | 3.48 | 3.50
Op,—g, (€V) | 0.1 | 0.04 | 0.02 | 0.01 | 0.01 | 0.01

Table [#.12] reports the E, and Er — Ey determined values with Equations [4.1|and 4.2} respec-

74



4. Results and Discussion

tively, for a Cu tape contact. For this configuration, a ¢ value of 3.60 eV, and 3.50 eV for Er — Ey
value were considered. The final values are different for the configuration with C or Cu tape, but
describing a very similar electronic structure, the only difference being the Fermi level energy. All
values determined, both in the C and in the Cu configuration, are compatible with sample ZT2
structure since they are close to the estimated values for the individual TiOy top layer. Regarding
the bias voltage, such application it is necessary to determine the end of the UPS spectrum, and

then calculate the work function.

Despite the experimental limitations, the electronic structure for a TiOx and ZnOy n-type
nanolaminate was obtained. Fig. [#.34] compares the band structure from the ZT2 and a CIGS
with a bandgap of 1.15 eV [152} 153, [154]. A 1.2 eV conduction band offset was obtained for
CIGS with ZT2, which is higher than the aimed value of ~ 0.4 eV, considering the conduction
band offset for CIGS with the common buffer CdS layer. [155,(156] On the other hand, a valence
band offset of 1.7 eV for CIGS with ZT2 was observed, which meets the goal to block holes.

CIGS T2 =@
Evac T0
4.25 eV 3.60 eV

- - Ec +-3.05

1.2eV _—————— -l- -EF +-360

Ec 4 -4.25

__t1seV e

Ev Fls50ey | 4098V +-540
1.7eV

Ey T-7.10

Figure 4.34: Schematic of the band alignment between a CIGS absorber and the sample ZT2. The CIGS Fermi level
is considered to be near the valence band since the absorber is heavily doped. CIGS bandgap was taken from [155] and
the electron affinity from [156].
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4.5 Electrical characterisation

The final characterisation, had the objective of studying how the developed nanolaminates be-
have under load, and understanding how their integration in a optoelectronic device affects the
working standards of the device. Firstly, an analysis was done on metal-insulator-metal (MIM)
structures, or simply capacitors, with three different planar contacts: two circular areas and one
rectangular, as represented in Fig. (c). Through such structure it was possible to observe
the samples response to frequency and voltage, and to determine the dielectric constant (k) or
relative permittivity (€.). Secondly, TLM was employed to determine the samples contact resis-
tance, since when introduced in an optoelectronic device this property will contribute to the device
series resistance. At the end, preliminary Admittance spectroscopy studies were done on metal-
oxide-semiconductor (MOS) structures to determine the interface passivation capabilities of the

developed samples.

4.5.1 Capacitors

The developed plane capacitors had approximately 7z and /4 mm? for the circular contacts,
and 1.5 x 20 mm? for the rectangular ones, and were done with SiOy, SiNy, TiOx, and ZnOy
single layer and nanolaminate based. The front contacts dimensions match the previous fabri-
cated shadow masks. To study the fabricated capacitors, capacitance analysis was performed. The
first part of this capacitors analysis, was focused on capacitance-frequency (Cf) measurements to
understand how the materials respond to different frequencies. To measure the capacitance and
resistance, a 25 mV amplitude, centred on 0 V and with a frequency f sinusoidal voltage was
applied on the capacitor’s terminals. Two parameters are measured, since the material is mod-
elled, by the system, as a capacitance in parallel with a resistance. This model can be altered
if needed. Fig. [4.35] (a) and (b) show a selected curve for each sample set of, SiOx-SiNy, and
ZnOy-TiOy, respectively. About 36 measurements were done on each sample, to provide good
statistics, so a representative curve was selected for each sample. The measurement starts at 10*
Hz due to the low signal-to-noise ratio (SNR) for lower frequencies, and no tendency can be ac-
curately observed. Also, the capacitance values are presented as capacitance per area (F/m?), so
the different capacitors architecture could be comparable. Regarding the obtained results, all the
measured samples have the expected behaviour, in which the capacitance has a constant value until
a certain frequency, when it starts to decrease. [[157]] This observed decrease is related to dielectric
losses, and multilayer structures can present increased losses due to charge accumulation on the
interfaces. [158] Thus, it may be expected that samples with more sublayers, hence more inter-
faces, would experience a strong capacitance decrease. However, the nanolaminates capacitance
dependence on frequency is not straightforward. Nevertheless, some trend is observed in Fig. #.35]
(a), for frequencies higher than ~ 5x 10° Hz, the nanolaminates capacity values are lower than the
single layers values. Another important observation is that when the nanolaminate presents higher
capacitance for low frequencies than the single layers ones, those witnesses a sharp decrease in
the capacitance for lower frequency values (~10° Hz). Fig. (b) shows the capacitance for
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the TiOx and ZnOy samples. In this set, samples with only two layers experience the decreas-
ing at ~ 10° Hz, and the samples with 4 and 6 layer at ~ 2x10°> Hz. So, it seems that as the
number of layers increase, the frequency at which the dielectric losses start to have an impact is
lowered. This can be related to the sublayers thickness, since the total thickness was constant at
30 nm. The capacitance values in the constant regime of the Cf curve, will be crosslinked with the

capacitance-voltage (CV) analysis, although both results are in concordance.
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Figure 4.35: Capacitance curves dependence with frequency of (a) SiOx-SiNy, and (b) ZnOy-TiOx samples set.

Right after each Cf measurement, the CV was carried out, so that both would be done on the
same regime. Is expected to observe no capacitance dependence with voltage, since the measure-
ment is done at a constant frequency of 1010~ Hz. [159,[157] Fig. presents the CV data of
sample TZ0.1, measured on a rectangular contact. As can be seen, no voltage dependence exists
since the linear regression as a slope value of 3.814x 107 + 4.5x10” F/m?-V, and the sample
capacitance per area (C/A) is given by the linear regression intercept value (b) equal to 0.01200+
3% 107 F/m?. Then, the relative dielectric permittivity (g,) is determined through the capacitance

equation: C/A = 6*;“, where &) is the vacuum permittivity, and d the capacitor/sample thickness.

The calculated average values of C/A and dielectric constant are presented in the following Table
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Figure 4.36: Representative capacitance-Voltage curve of sample TZ0.1, for a rectangular contact.
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Table 4.13: Capacitance per area (C/A) and relative dielectric permittivity &, average values and respective standard
deviation, o¢ and o, respectively, of SiOx-SiNx samples set.

Sample SS0.1 | SS0.2 | SS10.1 | SS10.2 | SS10.3 | SS10.4 | SS5.3 | SS54
C (A/m?) | 0.0064 | 0.011 | 0.006 | 0.019 | 0.005 0.018 | 0.0030 | 0.0012
oc (A/m?) | 0.0007 | 0.005 | 0.002 | 0.007 | 0.002 | 0.007 | 0.0006 | 0.0002

& 21.8 38.3 19.7 65.6 17.7 59.8 10.4 4.0
O¢ 22 17.4 7.3 22.6 5.8 241 2.1 0.7

r

Tablepresents the C/A and &, for SiOx-SiNy samples set. The determined &, values of the
individual layer samples, SS0.1 and SS0.2, 21.82 and 38.25, respectively, are sufficient differently
to what was expected, 3.9 for SiO; [17]] and 6-7.5 for Si3Ny [160]. Although, since the materials do
not have the nominal composition, the variation may be justified. Experimental results for SiOxNy
show a &, value between 5-34. [[161] Considering the dielectric constant enhancement mentioned
in Section high &, values were expected for the nanolaminate samples when compared with
the individual layer. Nevertheless, this is not observed. Almost all nanolaminate samples suffer a
decrease in €,. The ones that do not, have a high standard deviation which makes a doubtable value.
Also, if the sublayers are considered as individual capacitors, and the multilayer system as a series
capacitors, is possible to determine the capacitance of the system, knowing the individual layer
dielectric constant. However, performing this calculation leads to values between the individual
layers €, and not to the lower ones measured. This can be justified by the lack of control in the
materials composition, shown by XPS, or problems with the measuring approach.

Table 4.14: Capacitance per area (C/A) and relative dielectric permittivity &, average values and respective standard
deviation, o¢ and o, respectively, of ZnOx-TiOx samples set.

Sample | TZ0.1 | TZ0.2 | TZ1.1 | TZ1.2 | TZ2 TZ3
C (A/m?) | 0.010 | 0.015 | 0.008 | 0.010 | 0.006 | 0.0069
oc(A/m?) | 0.002 | 0.009 | 0.004 | 0.002 | 0.001 | 0.0006

& 342 | 50.12 | 28.7 342 | 214 23.4
O¢ 7.3 31.03 | 12.8 59 33 2.0

T

For samples based on TiOx and ZnOy, Table [le—éf]lists the obtained values. Once again, indi-
vidual layers, TZ0.1 and TZ0.2, with 50.1 and 34.2, respectively, do not have the expected values,
10.4 for ZnO [162] and 95 for TiOx [[17]. Also for these samples, if the series capacitors consider-
ation is applied, the calculated do not lead to the measured values.

High standard deviation values for the capacitance and &, were obtained. Several measure-
ments were done, for each sample, and the discrepancy between the measured values was high.
Although, the curves had the expected and similar behaviour between devices in the same samples,
the measured capacitance values were significantly different. It was also observed that the values
are more stable on the rectangular contacts. Theses overall results may be attributed to the differ-
ence in the contact areas, since the circular contacts are much smaller than the rectangular one,
and non homogeneities in the film could have a bigger impact, when analysed by smaller contacts,
which makes the circular capacitors mores unstable. Also, the current may not have the desired

vertical flow below the contact, and having also some lateral flow, which may lead to less accurate
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values due to differences in the capacitors area. One new approach could be the development of
capacitors with the same contact structure, with an additional lithographic process to shape the
samples to the contact area. This way the capacitors have the desirable area, and there is no lateral
current flow.

Furthermore, the leakage current can be obtained from the CV measurements, since the paral-
lel resistance of the material is also measured alongside the capacitance. By simply applying the
Ohms law, the leakage current with voltage can be determined. Fig. (a) and (b) represents the
leakage current for samples based on SiOx-SiNy, and TiOx-ZnOx, respectively. The results show
lower leakage current for the nanolaminate sample than the individual layer, with the exception of
sample ZT1.2. In Fig. F37] (b), it is shown that the samples with more TiOx content have lower
leakage current. In Fig. (a) no similar correlation could be found. This lower leakage current
indicates an increased resistance, which is compatible with more interfaces. Nevertheless, these
correlation between the number an interfaces and leakage current could not be studied through

these simple analysis. Hence, the TLM method was used.

) s

(b)

-1.0 -0.5 0.5 1.0

0.0
Voltage (V)

Figure 4.37: Leakage curves, obtain with the capacitance and resistance in parallel model, of samples (a) SiOx and
SiNy samples, and (b) ZnOy and TiOx.

4.5.2 Transfer Length Method Devices

Single layers TiOx and ZnOx TLM devices were first fabricated on SLG substrate, so that they
be electrically isolated, following the architecture represented in the Fig. [3.4] (a). The measured
current-voltage (IV) curves for TiO did not behave as expected. No tendency was observed, as the
curves for all two adjacent contacts have a linear slope close to zero. Also, the current measured
had a significantly low value that may be influenced by the electric circuit noise current. On the

other hand, for the ZnOy film it was possible to perform meaningful IV curves. Fig. [4.38] shows
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the obtained IV curves for the four different layouts described in Table[3.4] These measured curves
have the expected behaviour, since they are linear and the contact spacing increase leads to a slope
decrease. Also, between the four different configurations, the IV curves for the same contact
spacing seem to present identical linear slope values. Throughout Ohms law, the total resistance
for each curve (Rr) over contact distance (d;), for each configuration, can be done to retrieve the

electrical parameters.
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Figure 4.38: TLM IV curves for ZnOx, for all four configurations: line pattern A, B, C, and D.

Fig. shows the obtained Ry vs d; curves for the ZnOy individual layer, and although they
present approximate abscissa interceptions, the slope values are significantly different. Moreover,
the ordinate (Rr) interception should be positive and the abscissa (d;) negative. The latter results
are not explained by the considered model framework, raising possible constraints in the TLM
conception. In order to understand and optimize the TLM architecture, first, the metallic contacts
were deposited on a Si substrate to calculate Si contact resistance and sheet resistance. It was found
that similar to TiOx film, no tendency could be observed. However, the curves did not follow the
expected behaviour. This difference in positive and negative bias polarity current suggests that
some electronic asymmetry should exist, which was blocking the charge transport. So, it was
assumed that the native SiOy layer, although thin, could be responsible for this effect. To test
this latter assumption, the same architecture was employed. However, the contacts deposition, the

native oxide was remove from the Si substrate surface by a etch on an anhydrous hydrofluoric acid
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(HF) and alcohol vapour atmosphere for 20 min. The measured IV curves for latter Si devices
are presented in Fig. [#.40] The curves have perfect linear behaviour, and as the contact spacing
increased the curve suffers a decrease in the slope value. This is observed in all four configurations.
An important point, is the current saturation at + 10 mA. This is not a physical phenomenon, but

the current limit detection value set on the system.
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Figure 4.39: TLM Ry vs d; plot, for the ZnOy film.
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Figure 4.40: TLM IV curves for Si, for all four configurations: line pattern A, B, C, and D.
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Considering the Ohms law once again the Ry can be calculated, and plotted against the contact
spacing. Fig. [4.41] (a) presents such plot. The Ry vs d; have good linear tendency and the slopes
have almost the same value of abscissa interception. The calculations for all four configuration,
considering error propagation and a weighed average with the uncertainties, provides a sheet re-
sistance equal to 124.4 £ 2.5 Q, a transfer length of 491.4 £ 17.2 um, and a contact resistance
of 0.30 & 0.02 Q- cm?2. With these values, the Si resistivity can be determined to be 9.0 + 2.5 Q.
m for the 725 & 25 nm thick substrate. The results are within the considered range provided by
the supplier, ps; = 1-100 Q- m. Although, the distance from the top and bottom contact edges to
the substrate edge is not zero (8 # 0, Fig. [3.14). This means that lateral current flow may exist,
which increases the resistance between the adjacent contacts and leads to inaccurate value. In or-
der to consider this lateral current flow the QTD-TLM was applied, where the lateral current flow
is modelled through an extra parallel resistance. [[101] Fig. (b) presents the QTD-TLM R/T Vs
d;. It is cleat the change in slope, since all 4 curves have equal slope value and a small variation
on the interception is seen. This correction leads to a Si sheet resistance of 403.1 + 7.3 Q, transfer
length of 404.7 4 13.7 um, and a contact resistance of 0.66 4= 0.04 Q - cm?. The Si resistivity can
be estimated to be 29 £ 2 Q- m.
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Figure 4.41: Ry vs d; measurement plot, of the Si substrate, with (a) the conventional 1D TLM and (b) the correction
for lateral current flow, QTD-TLM.

In order to understand if the previous ZnOy and TiOx TLM results were motivated by their thin
layers, a 30 nm Cu layer was studied. Fig. shows the measured IV curves for the Cu film.
Similar to the Si IV curves, a linear tendency was obtained for all curves and a constant variation

with the contact spacing increase.
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Figure 4.42: Cu TLM device IV curves, for all four configurations: line pattern A, B, C, and D.

From the Cu IV curves and the Ohms law, the Ry vs d; dependency was obtained and plotted
in Fig,[4.43] The Cu sheet resistance was determined to be 3.9 + 0.2 Q, the transfer length 452 +
40 um, and the contact resistance 8.3 & 1.5 mQ-cm?. The Cu resistivity is calculated to be 115.8
4 5.5 nQ-m. The obtained resistivity is one order of magnitude higher than the reference value,
16.8 nQ-m [163[], which can be justified by two reasons: (1) the Cu resistivity increases with film
thickness decrease, for magnetron sputtering deposited films [164]], and (2) there may exist, inside
and/or at the film surface Cu and Cu oxide (CuO and Cu,0O) phases that alter the film resistivity.
[L65)]. It can be speculated that the latter reasons were not the cause for the high determined
resistivity, but the film thickness. Although, TLM has been applied to determine these parameters
for films with thickness between 5-30 nm [166, 167, 100, [168]]. Hence, the film thickness should

not be a problem when performing the TLM analysis.
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Figure 4.43: Ry vs d; TLM measurement final plot, of the Cu film.

These previous results show that the devices architecture needs to be improved for thin film
consideration. The new configuration, so called TLM B, instead of having an uniform film de-
posited in the all substrate area, such as in Fig. [3.4](a), only has film below the contact areas, such
as shown in Fig. [3.4] (b). [169.[167] Note that in this configuration, only the contact resistance
will change between two different samples, since the sheet resistance reflects the resistance of the
Si substrate below the films. Furthermore, this Si sheet resistance can be used to detect outliers
in the measurements. The first sample analysed by this TLM B new configuration, was a 30 nm
individual layers of SiOy. It was expected that with this configuration, a linear IV plots would be
obtained and that the R, would be determined with high accuracy. Nevertheless, this was not the
observed. The IV curves once again, do not have a linear behaviour, presenting different trends
with negative and positive bias, and when increasing the contact spacings, the tendency is not
correct. In order to understand this not expected trends, a closer look was taken at the IV curve

obtained for the first contact pair, with spacing dj.

Four charge transport mechanisms were considered in Fig. (a) In(J) vs In(E) for Ohmic,
(b) In(J) vs E'/? for Thermionic emission or Schottky, where the charge carrier can pass over the
barrier, (¢) In(J/E) vs E 1/2 for Frenkel-Poole (F-P) emission, where one trapped charge is emitted,
and (d) In(J/E?) vs 1/E for Fowler-Nordheim tunnelling, where the charges tunnel through the
barrier. [170] In these equations, J is the current density and E the electric field. By observing
the positive and negative bias curves, in each plot (a, b, c, or d), a difference between them can
be seen. If a transport mechanism is happening, then the plot experiences a linear behaviour and
the slope translates the intensity or amplitude of such mechanism. On Fig. §.44] (a), (b) and (c),
is possible to observe that all fours transport mechanisms occur at higher voltages, and at the low
voltages only Ohmic, Schottky and F-P emission seem to occur. However, it is not clear what
occurs at lower voltages. So, the existence of so many charge transport mechanisms, and the not
predominance of Ohmic behaviour, limits the applicability of the TLM since Ohmic behaviour is

required.
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Figure 4.44: Current analysis of the TLM device for (a) Ohmic, (b) Schottky, (c) F-P emission, and (d) F-N tunnelling
behaviour, in the -15 to 15 V range.

The existence of several transport mechanisms in a simple individual layer, can indicate a
more complex operation for the nanolaminates. As said, this highlights the importance of this
home-made devices in order to anticipate possible working limitations before the nanolaminates
introduction in real optoelectronic devices. Moreover, the different architecture approaches used
in the developed devices during this work, show the importance to customize and optimize those

for a specific purpose.

4.5.3 Metal-Oxide-Semiconductor Devices

In Section[4.4]it was concluded that sample TZ2, the one with a complete electronic characteri-
sation, had a too high conduction band offset with CIGS which may limit the electron selectivity.
Although the conduction and valence band offset are essential to selectivity, there are other ways
that can aid selectivity. In this scope, Metal-oxide-semiconductor (MOS) devices were developed
to access the field-effective passivation capabilities of the designed samples, which is estimates
by the fixed charge density (Qy). The fabrication of these devices was similar to the capacitors
ones. The major difference was the fact that the AlSiCu layer was deposited on the rear side of
the Si substrate, instead of the front, to provide a back contact. Then, the sample layer, and cir-
cular AlSiCu contacts were deposited sequentially on the front side. Hence, the final structure is
AISiCu/Si/sample/AlSiCu (circular contacts). Only samples TZ0.1, TZ0.2, and ZT?2 passivation
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performance was studied. The assessment of these sample’s O parameter was a simple prelim-
inary study. To estimate the Qy value the Conductance method [97] was applied, where CV and
Cf measurements need to be performed. In the equipment used to perform such measurements,
the sample is modelled as a resistance in parallel with a capacitor. So in one voltage or frequency
sweep, the capacitance and conductance (G) dependences can be measured. The conductance
although not necessary in this calculation, can be helpful in detecting misconceptions or can be
used to estimate other parameters. The applied voltage, on the CV measurements, has a sinusoidal
behaviour with an amplitude of 25 mV and a given frequency f, and the CF and Gf curves were
measures at 0 V.

Regarding the data analysis, it was observed different behaviours of CV when the applied
voltage frequency was altered. This may indicate a major influence of the series resistance (Rj)
of the device, on the measurements. [171] Moreover, on the GV measurements there is no peak
present, which further confirms the dominant influence of the series resistance. [172, [173]] The
effect of this series resistance is mostly related to the device architecture and fabrication, and
was corrected by introducing this resistance in the Conductance model. [[173] Hence, the first
step ii to correct the capacitance and conductance measurements, removing the series resistance
component. Then the conductance method can be applied to estimate the Qy. An intermediate
step is the determination of the flat band voltage (V) - condition where no band bending occurs,
which is determined by the Inflection Point Method [[174]. Also, it was necessary to introduce
the semiconductor and metal contact work functions, which were retrieved from the literature.
(755 1710

Table 4.15: MOS analysis intermediate and final estimated values. The R and Vip have a standard deviation (@)
associated with the estimated values, while O has an uncertainty (5).

Sample (I;i) ZI;S zl\fll; cg//;b x10'20 r (cm?) | x10280 I (cm™)
TZ0.1 | 224.7 | 24.4 | -0.71 | 0.09 3.0 0.5
TZ70.2 | 283.3 | 149 | -0.47 | 0.08 -13.8 04

7T2 121.5 | 70.2 | -0.87 | 0.03 259 23

The final results of this MOS analysis are presented in [4.15] The nanolaminate ZT2 shows
a higher Vy;, value, which can be correlated to the high number of interfaces that induce band
bending inside its structure. Considering the Q value, the single layer of TiOx (TZ0.1) shows a
hole field-effect passivation, due to the same charge polarity, and ZnOy (TZ0.2) a electron field-
effect passivation, which was not expected since this material has electron selective capabilities.
[53, 159] The nanolaminate TZ2 presented a significant enhancement on the absolute value of
fixed charge density when compared to the individual layers, with a hole field-effect passivation
capability. Thus, the nature of the fixed charge density of the ZT2 nanolaminate is compatible
with an electron selective contact, since those will repel holes operating alongside the valence
band offset, of 1.7 eV for CIGS and ZT2, to block holes. On the other hand, electrons will be
attracted to this layer which may help to overcome a the electronic barrier between the CIGS and

the selective contact.
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Conclusion

In this work several multilayers systems were developed based in amorphous oxides, consider-
ing nominal SiOy, SiNy, TiOy, ZnOy, and HfOy, to study their potential integration in optoelec-
tronic devices as selective contacts, in particular in CIGS solar cells. From a fundamental point of

view, single layers based on the aforementioned oxides were also studied.

A well behaved multilayer structure was verified by STEM imaging for a particular nanolam-
inate, grown by PECVD at near 300°C, with 3 nm SiO4 and SiNy bilayer structure. A deviation
of 13% in thickness was obtained, in comparison to the nominal value, as the bilayer presents a
average value of 5.2 nm, instead of the nominal 6 nm. Despite a multi-structural architecture, the
elemental distribution in the EDS line profiles did not show a clear distribution compatible with
single layers of SiOx and SiNy. Thus, XPS were carried out to study the nanolaminate composi-

tion.

The XPS analysis revealed deviation in the elemental composition with respect to the nominal
one. Single layers of SiO.7, Si0g2Nj. 9, TiO2.1, ZnOg 7, and HfO; g3 were obtained. Considering
the approximately 10 nm thickness obtained by XPS, some results point for variation in the sub-
layer thickness in comparison to the nominal value, compatible with the observation in the STEM
analysis. For the nanolaminates based on SiOx-SiNy, significant differences in the compositions
regarding the single layer were obtained. A possible competition between N and O during deposi-
tion is suggested, taking into account that an increase in N leads to a significant decrease in O, and
adecrease in N leads to a similar decrease in O. Highlighting the lack of control during the PECVD
deposition, which it is not suitable for nano tailoring. The PECVD available at INL is mostly used
for deposition of hundreds of nanometres layers where this meticulous control is less significant.
Thus, this point lead to the rationale that PECVD is not optimized for a meticulous nano tailoring
deposition. Moreover, nanolaminate deposition is a continuous process, and no chamber clean-
ing/purge occurs between the different materials deposition. So the chamber atmosphere can have
previous gas precursors that will alter the chemical reaction and change the deposited film com-
position. Thus, it is clear that PECVD deposition is not optimized, and is not adequate, with the
current conditions, for the deposition of thin films and for nanolaminates. Regarding the TiOy,
ZnOy, and HfO4 nanolaminates, deposited by Magnetron Sputtering, the XPS results suggests a

higher composition control in comparison to PECVD. However, the results point to sublayer thick-
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nesses variations, which is compatible with the several deposition rate calibrations needed in order
to reproduce the samples, during this work. Deviations in the nanolaminate composition, regard-
ing the individual layers, were also observed, and may be controlled though a purge process in
between each sublayer deposition. This is, however, an inexistent step in a Magnetron Sputtering
process, as in the PECVD.

Despite the optical behaviour, for all nanolaminates, not being fully described by the effective
medium approximation, the refractive index was tailored to exhibit values in a range compatible
with the integration of those nanolaminates as selective contacts in CIGS solar cells. Several based
TiOx and ZnOy nanolaminates present n values in the 2-2.5 range.

The electronic properties of the surface were analysed considering it as the CIGS/selective
contact interface. It was observed a difference in conductivity of the nanolaminates in comparison
with the individual layer, mostly due to composition differences. The electronic surface struc-
ture of a nanolaminate of 5 nm ZnOx and 10 nm TiOy, with a 2 times bilayer repetition, was
fully characterized. An 1.2 eV conduction band offset was obtained for CIGS with this nanolam-
inate, while a valence band offset of 1.7 eV was respectively obtained, which meets the goal to
block holes. The same nanolaminate presented a enhanced absolute value of fixed charge den-
sity, in comparison to its individual layers. The nature of this fixed charge density leads to hole
field-effect passivation capability, compatible with an electron selective contact. The valence and
conduction band offsets, joined with this field-effect passivation, leads to an improved electron
selective contact.

Several home-made devices were developed to characterize the electric properties of the
nanolaminates. Different transport mechanisms were identified in an individual layer, which may
indicate complex transport mechanisms in the nanolaminate systems. This analysis shows the
need to anticipate possible working limitations before the nanolaminates integration in real opto-
electronic devices. Furthermore, the different architecture approaches used, show the importance
to customize those to a specific objective. However, those need to be further optimized to fully
comprehend the electrical behaviour and the impact of this multistructure when integrated on an
optoelectronic device.

From a technological point of view, and considering CIGS based compounds for top layers of
emerging tandem solar cells, that requires high bandgap value, as well as improved charge carrier
extraction, the developed materials may have an important role as a potential electron selective
contact with suitable band alignment.

The systematic approach used throughout this work allows a clear identification of the physical
properties of nanolaminates. Our preliminary results clearly indicate the possibility of tailoring
these properties to match technological requirements. The scientific path defined in the course of

this work looks, therefore, very promising for the development of materials a la carte.

Future Work

The future work can be divided in two distinct paths: (1) integration of the studied samples in

the CIGS technology, and (2) optimization and development of new architectures.
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The first step must be a complete electronic characterization of the studied samples, to access
the charge carrier selectivity. In this regard, determination of the fixed charge and the interface
trap density, to discuss the passivation capabilities, should also be scrutinized. Moreover, the
optimization of the electric home-made devices, to accurately access the sample’s properties, while
working on load, must also be carried out. The different CIGS compounds should be searched
and its optoelectronic structure investigated, to integrate the nanolaminates as electrons selective
contacts in conventional CIGS solar cells, or even tandem on.

New nanolaminates can be developed and studied, with the materials used in this work or
new ones, in different and more complex architectures. To do so, the deposition process must be
optimized to allows thickness and composition control of the sublayers. Between each sublayer
deposition the chamber must be purged, the temperature should be accurately determined, the
deposition ratios should be more extensively studied. Furthermore, this work can be mirrored for

the development of holes selective contacts.
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A. AutoCAD Design

Fig. presents the design of the shadow masks developed in the AutoCAD platform. The
outer circle represents the edge of the Si wafer form where the shadow masks would be fabricated,
and the inner circle the imposed limited of usable wafer. This limit was self imposed, since the
resit coating on the wafer boards is not uniform, what could lead to problems. So, that area was
avoided. On the design, four frame-like pattern can be seen and one line pattern for each different
configuration (A, B, C, and Dﬂ The patterns were organized in a way to minimize the number of

fragile areas where the wafer could brake.

&-like Pattern Line Patter A

Line Pattern B

Line Pattern C

Line Pattern D

Figure A.1: Print screen of the AutoCAD design of the developed shadow mask.

UIf necessary recall the shadow masks dimensions in Table [3.4|and Fig.
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B. Raman Spectrum

Fig. shows the similarity between the measured Si substrate and the SiO4 layer Raman
spectra. No peak corresponding to the SiO, wa found. The peak at 300 cm ™!, the plateau at
950-1000 cm —1, and the peak at ~ 525 cm~! were assigned to c-Si. [176]
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Figure B.1: Sample SS0.1 and Si substrate Raman spectra.
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C. XPS Spectra

Fig. [C.I|presents the as measured XPS survey spectrum of sample SS0.1, an individual layer of
SiOy. The peaks were identified with the Advantage software, and can be seen that more than the
sample element peaks (C, Si, and O) can be identified. The OKL1 and OKL2 peaks correspond to
the emission of an Auger electron, due to a transmission from levels L1 and L2 to K, respectively.
The sodium (Na), Fluorine (F), N, and calcium (Ca) peaks are considered contaminations, with

negligible content.
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Figure C.1: As measured XPS survey of sample SSO.1.

Fig.[C.2[C.3][C.4][C.5][C.6] and[C.7] show the elements spectrum regions used for the element
quantification of samples SS10.2, SS5.3, SS5.4, TZ2, ZT3, and HT2, respectively. Regarding

sample SS10.2 O 1s spectra, Fig. [C.2](a), is noticeable the appearance of a new C=0 peak [118]],
when comparing the samples SS0.1, which was also observed in sample SS10.1. The Si 2p spectra
of the samples SS5.3 and SS5.4 (Fig. [C.3](b) and Fig. [C.4] (b), respectively) show one extra peak,
when compared with samples SS0.1 and SS0.2, identified as an Si*! oxidation state [177]. The
sub-oxide Ti 2p states can be observed in samples ZT3 and HT2 (Fig. [C.6] (c) and Fig. (c),
respectively), due to the nanolaminate top layer being TiOx. Also, on sample HT2 spectra (Fig.
(b)) is possible to observe two artefacts: (1) one small and broad peak close to the Hf 4f5
peak, identified as a weak HfO; loss feature, and (2) the charge transfer satellite, identified before

on sample TZO0.1.
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C. XPS Spectra
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Figure C.2: As measured XPS spectra of (a) O 1s, (b) Si 2p, (c) Ni 1s binding energy regions for Clean analysis of
sample SS10.2, respectively.
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Figure C.3: As measured XPS spectra of (a) O 1s, (b) Si 2p, (c) Ni 1s binding energy regions for Clean analysis of
sample SS5.3, respectively.
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C. XPS Spectra
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Figure C.4: As measured XPS spectra of (a) O 1s, (b) Si 2p, (c) Ni 1s binding energy regions for Clean analysis of
sample SS5.4, respectively.
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Figure C.5: As measured XPS spectra of (a) O 1s, (b) Zn 2p, (c) Ti 2p binding energy regions for Clean analysis of
sample TZ2, respectively.
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Figure C.6: As measured XPS spectra of (a) O 1s, (b) Zn 2p, (c) Ti 2p binding energy regions for Clean analysis of
sample ZT3, respectively.

Counts /s

Counts /s

50000
O HT2 Experimental Data
1l [ O-Metal
Emoc
40000 —— Envelope
30000
20000
10000 —
o+
546 544 542 540 538 536 534 532 530 528 526 524
4000 35000
HT2 Experimental Data (b) HT2 Experimental Data (c)
I Hir 4y, 30000 - T! 2Py,
H 4, EmTizp,
3000-{| [ Weak HfO, loss feature 25000 ;fsuz"’xfge;pw
—— Envelope 7| Tisub-oxide 2p,,
—— Envelope
20000
2000
15000 4 Satellite
100001
1000
5000
0 T - T T T , : .
%2 30 28 26 24 22 20 18 16 12 10 480 475 470 465 460 455 450 445

Binding Energy (eV)

Binding Energy (eV)

Figure C.7: As measured XPS spectra of (a) O 1s, (b) Hf 4f, (c) Ti 2p binding energy regions for Clean analysis of
sample HT2, respectively.
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D. Reflectance graphics and Samples Refractive Index and Thickness

Fig. (a), (b) and (c), shows the reflectance graphics, measured and determined, of the indi-
vidual layers of SiOy, HfOx, and SiNy, respectively. The corresponding graphics of the individual
layers of TiOx and ZnOy were already presents in Fig.
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Figure D.1: Reflectance graphics, with the measured and determined with optical constants (n,k), for samples (a)

SS0.1, (b) HTO, and (c) SSO.2.

Table D.1: Refractive index values,

of all samples, determined with Ellipsometry.

Sample SS0.1 | SS0.2 | SS10.1 | SS10.2 | SS10.3 | SS10.4
Refractive Index at 600nm | 1.48 1.95 1.62 1.65 1.72 1.58
Sample SS0.1 | SS0.2 | SS5.1 SS5.2 | SS5.3 | SS54
Refractive Index at 600nm | 1.48 1.95 1.71 1.57 1.78 1.56
Sample TZ0.1 | TZ0.2 | TZ1.1 | TZ1.2 TZ2 TZ3
Refractive Index at 600nm | 1.91 1.87 1.93 2.02 2.04 1.91
Sample T70.2 | TZ0.1 | ZT1.1 | ZT1.2 712 ZT3
Refractive Index at 600nm | 1.87 1.91 1.94 1.85 2.01 2.06
Sample HTO | TZO0.1 HT1 HT2 - -
Refractive Index at 600nm | 1.74 1.91 1.80 1.78 - -

Table [D.1] lists the refractive index values for all analysed samples. With these, it is more

evident the nanolaminates tendency and refractive index variation upon sublayer thickness and

composition variation.
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D. Reflectance graphics and Samples Refractive Index and Thickness

Table D.2: Nominal and measured, with profilometer and ellipsometer, thickness values of the studied samples de-
posited on Si substrate.

Sample | Nominal | Profilometer | Ellipsometer
SS0.1 100 [ 96.93
SS0.2 100 T 113.68

SS10.1 20 I 25.3

SS10.2 40 ! 48.45

SS10.3 30 ! 36.4

SS10.4 30 I 34.93
SS5.1 15 I 19.52
SS5.2 15 I 19.28
SS5.3 20 I 24.35
SS5.4 20 I 23.39
TZ0.1 30 I 24.1
TZ0.2 30 30.10 23.15
TZ1.1 30 26.63 28.09
TZ1.2 30 29.29 27

TZ2 30 I 26.85
TZ3 30 34.36 31.83

ZT1.1 30 28.84 27.04

ZT1.2 30 29.20 29.20
ZT2 30 I 29.76
ZT3 30 28.78 31.83
HTO 100 91.97 96.03
HT1 30 28.89 34.43
HT2 30 30.51 35.51

Table lists the nominal, measured by profilometer and ellipsometer thickness values for
all analysed samples. As it is clear, most of measured samples actual thickness is not equal to
the nominal value. This is due to the estimation of the deposition time, and because no thickness
control occurs during deposition. Some have big deviation and other have below 1 nm deviation,

although, on average, the samples have a £+ 5.1 nm deviation from the nominal value.

"'Was no possible to measure the samples thickness with the Profilometer, because the ink lines did not wash off
completely after the deposition.
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