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ABSTRACT

The global energy demand has been increasing, so the development of renewable energy sources is
imperative, more specifically, the photovoltaic. One of these technologies is Cu(In,Ga)Se; (CIGS), and due to
the use of scarce materials, the reduction of the absorber layer to the sub-micrometre scale (ultrathin) has been
studied. However, this reduction leads to incomplete light absorption and recombination losses at the inter-
faces, highlighting the need for light management strategies. Ultrathin bifacial solar cells allow light absorption
from both surfaces, providing an additional energy-yield gain, and by integrating light-dispersive metallic
nanoparticles (NPs) at the rear interface, this improvement can be even more significant. Finite-difference
time-domain optical simulations were performed to study the viability of a plasmonic periodic architecture in
an ultrathin CIGS bifacial solar cell. For this purpose, a periodic square array of NPs on an indium tin oxide
(ITO) rear contact was optimized, considering two different metallic NPs, Au and Ag, encapsulated with dif-
ferent dielectric materials, SiO2, Al.O3, HfO», and TiO.. From the studied architectures, a NPs’ radius of 80 nm
and an interdistance of 150 nm, encapsulated with 10 nm of TiO, resulted in the best performance for Au and
Ag NPs, with a short-circuit current density increase of 6.19 and 6.92 %, respectively. In order to obtain a
plasmonic NPs-based architecture with the desired properties, two different approaches were studied. Thermal
dewetting of Au thin films was performed for different process conditions, obtaining random arrays of NPs. A
study of how the annealing was affecting 1TO substrate’s properties was conducted, followed by a process
optimization consisting in changing the annealing atmosphere and decreasing ITO’s roughness. On the other
hand, a lithographic process based on nanoimprint lithography was also developed and optimized to obtain a
periodic square array of NPs, by varying the parameters at different process stages.

Keywords: nanoparticles; plasmonic; light management; thermal dewetting; nanoimprint lithography;
FDTD:; ultrathin; CIGS; bifacial solar cells.
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RESUMO

O aumento da demanda de energia evidencia a necessidade de desenvolvimento de fontes de energia
sustentaveis, nomeadamente, a fotovoltaica. Uma destas tecnologias é Cu(In,Ga)Se, (CIGS), que utiliza ma-
teriais escassos, pelo que a redugdo da sua espessura para a escala sub-micrométrica (ultrafino) tem vindo a
ocorrer. No entanto, esta reducdo leva a absorgdo incompleta da luz e perdas por recombinag&o nas interfaces,
evidenciando a necessidade de estratégias de manipulagdo de luz. Células solares bifaciais ultrafinas permitem
a entrada de luz por ambos os lados, proporcionando um aumento de rendimento energético, que pode ser mais
significativo com a integracdo de nanoparticulas (NPs) metélicas na interface traseira, que dispersam a luz
incidente. Realizaram-se simulagGes Oticas atraveés do método de diferencas finitas no dominio do tempo para
estudar a viabilidade da integracdo de uma arquitetura periédica plasménica numa célula solar CIGS bifacial
ultrafina. Uma arquitetura periddica de NPs em dxido de indio dopado com estanho (ITO) foi otimizada, con-
siderando NPs de Au e Ag, encapsuladas com SiO,, Al,Os, HfO, e TiO,. A disposi¢do periddica com NPs de
raio= 80 nm e espagamento= 150 nm, encapsuladas com 10 nm de TiO,, apresentou um melhor desempenho
para NPs de Au e Ag, levando a aumentos de densidade de corrente de curto-circuito de 6.19 e 6.92 %, respe-
tivamente. Foram estudados dois métodos de fabricacdo para a obtencdo de uma prova de conceito para uma
arquitetura baseada em NPs. Thermal dewetting de filmes finos de Au em ITO foi efetuado para diferentes
condigdes de processo, obtendo-se NPs aleatorias. Efetuou-se um estudo da variacdo das propriedades do ITO
com o tratamento térmico, e otimizou-se o processo considerando diferentes atmosferas e através da reducédo
da rugosidade do ITO. Um processo litografico baseado em litografia por nanoimpresséo foi também desen-
volvido e otimizado, variando as condi¢es dos diferentes passos do processo.

Palavas chave: nanoparticulas; plasmonica; manipulacédo de luz; termal dewetting; litografia por nano-
impressdo; FDTD; ultrafino; CIGS; células solares bifaciais.
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MOTIVATION AND OBJECTIVES

In this world where technology is always evolving, the energy demand is constantly increasing, and it’s
expected to continue to grow in the upcoming years.! For a long time, fossil fuels, such as coal, petroleum, and
natural gas, have been used as the main energy sources to meet the growing energy demand, but the associated
negative environmental effects cannot be ignored.?* Furthermore, there is currently a global tendency to re-
place these conventional energy sources with renewable ones, providing environmental protection, an envi-
ronment free of pollution, and long term energy security and economic benefits.>* However, to meet this
growing demand, there needs to be a massive technological advancement in renewable energy sources, but
also better energy management and new strategies to produce and distribute energy more efficiently.®

Solar energy is one of the most promising contenders, consisting of a practically infinite renewable
energy source. Nowadays, there are several photovoltaic (PV) technologies available in the market, with the
leading one being made from silicon wafers, but this technology is reaching its development limits, sprouting
an interest in the research, development, and improvement of potentially better alternatives.® Thin film solar
cells appear as a promising alternative, with less use of raw materials- reducing their cost and the environmen-
tal impact- and the possibility to be produced in flexible substrates, enabling roll-to-roll production and the
use in building integrated PV (BIPV).%” Amongst the thin film technologies, Cu(In,Ga)Se, (CIGS) stands out,
with a record light to power conversion efficiency (PCE) of 23.35 % 8, thanks to its direct bandgap that allows
a high absorption coefficient, and its tuneable bandgap.®° However, the scarcity of the materials used in CIGS
raises sustainability and economical concerns. To solve these issues, a reduction in the CIGS thickness to the
sub-micrometre scale is a promising approach, that has been getting more attention recently.® However, the
ultrathin CIGS technology has a record PCE well below their thin film counterparts, at 15.2 % !, mostly due
to incomplete light absorption and interface recombination losses.® These optical losses are usually solved by
implementing light management strategies, which have been shown to improve the overall solar cell’s perfor-
mance.® Nevertheless, the implementation of these strategies can prove to be challenging, especially at the rear
contact, because of the harsh deposition conditions of CIGS.>® In addition, most high efficiency light manage-
ment strategies require high resolution nanofabrication procedures, which can significantly increase the pro-
duction costs and decrease the throughput. Furthermore, the development of nanofabrication processes that
ensure scalability while maintaining reproducibility and resolution can possibly propel the ultrathin CIGS
technology into the PV market. The implementation of a bifacial solar cell (BFSC) approach in ultrathin CIGS
solar cells can also improve their PCE, by allowing the absorption of direct and diffuse sunlight from both
front and rear surfaces, providing an additional energy-yield gain.>*> However, the replacement of the back
contact for a transparent conducting oxide (TCO) is challenging, with most TCOs reacting with the CIGS
absorber creating a resistive layer, or degrading with relatively high-temperature process conditions. Further-
more, the development of effective passivation strategies and the optimization of CIGS fabrication methods is
very important for the ultrathin CIGS BFSC approach to be viable and reach the market.

The focus of this Thesis is to design a transparent plasmonic substrate to be implemented in ultrathin
CIGS BFSCs, as a light management strategy. These substrates consist of Au nanoparticles (NPs) on indium
tin oxide (ITO) that can scatter incoming light, increasing the optical path length inside the absorber layer.
Finite-difference time-domain (FDTD) optical simulations were performed using the Lumerical software, to
optimize the architecture and materials of the NPs array, and to study and discuss the optical phenomena that
enhances the performance of a CIGS BFSC. From an experimental point of view, two proof of concept ap-
proaches were tested: a random array of plasmonic NPs obtained through the thermal dewetting of a thin film;
a periodic square array of plasmonic NPs obtained through a nanofabrication process based on nanoimprint
lithography (NIL).
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INTRODUCTION

1.1 —Thin Film CIGS Solar Cells

Nowadays, the leading PV technology made from silicon wafers is reaching its development limits,
technologically and economically, sprouting an interest in the research, development, and improvement of
potential alternatives.> One of which is the CIGS technology, that has been getting attention in recent years.®
Thin film CIGS solar cells have remarkable characteristics, such as: direct bandgap which allows for a high
absorption coefficient, up to 10° cm™ °; a tuneable bandgap (1.01-1.67 eV)™¥ that allows to implement a
bandgap grading, or to be implemented in a tandem solar cell ¥’; great thermodynamic stability °; potentially
cheaper than Si technology, because of its high absorption coefficient that allows for a thinner absorber
layer>®8 and consequently lighter solar cells; they can be grown on flexible and rigid substrates, diversifying
the applications %161%-21: has an energy payback time of less than a year.>® Thin film CIGS solar cells have a
PCE record of 23.35 % 8, which is still lower than the efficiency of the monocrystalline Si (c-Si) champion
cell, 26.6 %.2? This difference comes mostly from the cell structure complexity gap that exists between both
technologies, more specifically, the lack of light management and interface passivation strategies from the
CIGS technology. With the increase in efficiency - from implementing light management and interface pas-
sivation strategies, and improvement of production techniques - and the reduction in production costs by de-
creasing the thickness of the absorber layer, CIGS technology could potentially dominate over Si. 5102

A schematic representation of a conventional thin film CIGS solar cell is presented in Figure 1.1. The
substrate is usually soda-lime glass, SLG, however, it can also be a flexible substrate such as polyamide film
or stainless steel.’®2° On top of the substrate, the rear contact is deposited, and it is usually a thin layer of Mo,
since it has good electrical conductivity, provides good adhesion, and when the CIGS layer is deposited on
top, a thin interface layer of MoSe; is formed, resulting in a quasi ohmic contact.>?* Then, there is the CIGS
absorber layer, that is a p-type direct bandgap semiconductor, that forms a heterojunction with the CdS n-type
buffer layer. The deposition of the CIGS is very versatile, with the possibility of being deposited with vacuum
and non-vacuum techniques.®!%19 In addition, the bandgap can be adjusted by varying the composition ratio of
Ga and In, and usually the CIGS layer is graded, which allows a better band alignment with the CdS layer and
creates a field effect at the rear contact that repels electrons, maximizing absorption and minimizing recombi-
nation at the Mo/CIGS interface.>1%182% Following the heterojunction, there is a window bilayer composed of
an intrinsic ZnO (i-ZnO) layer and an aluminium doped ZnO (AZO) layer. The AZO layer acts as the top
contact and is also a TCO, allowing the light to pass through to the layers below. The i-ZnO layer is highly
resistive and prevents shunt contacts between the CdS and the AZO layers.??” Usually, an anti-reflective (AR)
MgF: layer is also deposited on top, followed by the metal contacts. The PCE of thin film CIGS solar cells is
still far from reaching the single junction solar cell efficiency upper limit of around 33% 2, established by the
Shockley-Queisser (SQ) limit, which means that there is still significant room for improvement.
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Figure 1.1- Schematic representation of a conventional thin film CIGS solar cell, with the typical thickness for each layer. Not to
scale.

1.2 — Ultrathin CIGS Solar Cells and Demand for Light Management

The reduction of the production cost of thin film CIGS solar cells can be achieved through the reduction
of the raw materials used, especially of In and Ga, which are scarce and expensive materials.>”2%3 Ultrathin
CIGS solar cells have an absorber thickness in the range of 200-500 nm, which effectively reduces the volume
of these materials used, in comparison to the 1500-3000 nm used in the thin film approach.>°3! However, this
reduction also increases optical losses and rear interface recombination, hindering the solar cell’s perfor-
mance.® The main cause for the optical losses in ultrathin CIGS is incomplete light absorption - as the absorber
layer becomes thinner, the incident light cannot be absorbed in a single pass, leading to a decrease in the short-
circuit current density, Jsc.®> This decrease in absorption is predominant in the NIR and IR, because as the
absorber gets thinner, the longer wavelengths, A, cannot be efficiently absorbed.>¢323% Nonetheless, thin film
and ultrathin CIGS solar cells both suffer from the same problems that cause significant optical losses - shading
from the metal contact grids, and reflection and parasitic absorption from the buffer and window layers.>%

The current ultrathin CIGS champion solar cell, with an absorber thickness of 490 nm, has a PCE of
15.2 % 1, which is still far from the 23.35 % for the thin film counterpart, with an absorber thickness of
2500 nm.8 This significant gap reinforces the need to tackle the incomplete light absorption problem of the

ultrathin CIGS solar cells, by implementing light management strategies and optimizing the cell’s struc-
ture.5,30,33,35739

1.3 — Bifacial CIGS Solar Cells

Novel solar power concepts have been developed for large scale PV installations, and one of the most
promising ones is BIPV 1240 where PVs are integrated into buildings’ features, such as facades or rooftops.*?
BIPV in urban environments eliminate the need for additional installation sites, while also meeting the large-
scale PV demands, reducing electrical transmission losses, the need for more energy storage capacity, and
installation costs.?240 BFSCs are an important innovative approach being researched in this field, consisting of
an absorber layer sandwiched between two TCOs, allowing the absorption of direct and diffuse sunlight from
both front and rear surfaces, and consequently providing an additional energy-yield gain.>*> Furthermore,
absorbing light from both sides makes the BFSCs a promising technology to be integrated in vertical architec-
tural elements that are alternatively illuminated from the front and back during the day, or in a place where the
back side of the module can take advantage of the surrounding albedo.!3°

CIGS is one of the most promising materials to be used in BFSCs, but the replacement of the Mo rear
contact with a TCO has been challenging. For CIGS BFSCs, the front contact can remain the n-type TCO,
AZO, however, for the rear contact, in theory, a p-type TCO should be used. P-type TCOs usually have a low
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electrical conductivity, so the solution is to use a highly conductive n-type TCO, like ITO.1*%>4 The CIGS
layer is usually deposited by multi-step thermal co-evaporation processes, where the substrate reaches temper-
atures higher than 500 °C, which can significantly degrade the TCO’s properties, and it promotes the diffusion
of Ga into the TCO, leading to the formation of a highly resistive Ga,Os layer that limits the Jsc value of the
cell.®> In addition, the TCO blocks the diffusion of Na from the SLG to the CIGS, which hinders the electrical
performance of CIGS BFSC.*#? Nonetheless, thin film CIGS BFSCs with efficiencies of 19.77 % and
10.89 %, for front illumination (FI) and rear illumination (RI), respectively, have been developed.*®

1.4 — Rear Light Management Strategies

At the rear side of the ultrathin CIGS solar cell, light management strategies are used to increase the
optical path length inside the absorber, by promoting light scattering and/or reflection. Usually, Mo is used for
the rear contact in CIGS solar cells >#444% because of its advantageous properties such as high mechanical
stability, high melting point, and low elemental diffusion to the CIGS absorber layer, which allows it to with-
stand the harsh conditions of CIGS deposition.>#64” However, the Mo rear contact has low reflectivity, causing
significant parasitic absorption, especially in ultrathin CIGS solar cells, highlighting the need for light man-
agement strategies or the use of different rear contact materials.>*2¢ The most common approach to solve
these problems is to replace the Mo rear contact by a more reflective metal, such as Au or Ag, but at the typical
process temperatures needed to grow the CIGS layer, they diffuse into it, affecting the solar cell’s perfor-
mance.>®*° An alternative approach is to use a TCO as the rear contact, however, during CIGS deposition a
thin highly resistive Ga,Oj layer is formed because of the low thermal stability of the TCOs.%>%° By adding Ag
during the CIGS deposition, the process temperature can be decreased, preventing the resistive layer from
forming and allowing the use of a TCO as the rear contact.®*®! Furthermore, TCOs can be used as the rear
contact with a highly reflective metal underneath 505253 significantly improving the optical path length, or in
BFSC, with light entering from both sides.'>*> Nonetheless, the incomplete absorption of the NIR and IR light
is still an issue that needs to be tackled, and it can be solved with the implementation of scattering structures
that resonate in that spectral range.>** One of these strategies is to use dielectric nanostructures, which are
thermally and chemically stable, have practically no parasitic absorption, and resonate for a specific A
range.>®%* When these resonant architectures are fabricated as periodic arrays, with precise geometrical pa-
rameters to obtain the desired resonance, a PCE enhancement can be obtained.® However, for an efficient
scattering effect, dielectric structures with large features are needed, which can hinder the solar cell’s electrical
performance.>> Another possible strategy is the implementation of metallic NPs at the Mo/CIGS interface,
that increase the optical path length by scattering incoming light %7, as seen in Figure A.1.1. Through plas-
monic resonance, metallic NPs have a more intense light scattering effect than the dielectric nanostructures,
meaning that smaller NPs are needed to reach the same scattering effect, reducing the negative effects of
texturization.>® In addition, metallic NPs are more beneficial to module production, and can be tailored to
resonate for the desired A range.>6:33%8-60 On the other hand, they introduce parasitic absorption, have low
thermal stability, and can diffuse into the absorber layer, so a good encapsulation is required.>63361-63

In this work, high-performance substrates will be developed to be implemented in an ultrathin CIGS
BFSC, consisting of a metallic NPs array on an ITO coated SLG substrate, with the geometrical dimensions
determined through FDTD numerical model optical simulations.



1.5 — Plasmonic Effect of Metallic NPs

Metallic NPs have been studied as a rear light management strategy because of their plasmonic proper-
ties that allow them to scatter incoming light, increasing the optical path length inside the absorber. The me-
tallic NPs resonate for a specific A range, a phenomenon called localized surface plasmon (LSP).5%6:5764-66 Ag
the NP is irradiated with light, the external electrical field interacts with it and the conduction electrons are
pushed to the opposite side, creating a dipole. The internal electric field of the NP will then attract the created
dipole back to its original state, and this cycle repeats, creating oscillatory movements.>%¢57 LSP allows the
amplification of an incident electromagnetic field, with its maximum value for the LSP resonant frequencies
of a NP, promoting a high scattering cross section and some parasitic absorption.>%6" The LSP resonant
frequencies will depend on the characteristics of the NPs, such as size (diameter), shape, composition, dielec-
tric medium and NP-NP interactions.>°%5” The two main mechanisms originated from LSP that can enhance
the solar cell’s performance are near field and far field scattering. The near field consists of an evanescent
electromagnetic field in the vicinity of the NP’s surface that can enhance CIGS absorption if the NP is close
to the absorber. The far field is related to electromagnetic waves that are generated at a distance larger the
NP’s size.>5®

Thermally driven solid-state diffusional dewetting, referred to as just thermal dewetting, is one of the
fabrication processes to obtain NPs. It is a scalable, and relatively simple process that allows the formation of
randomly distributed NPs on an irregular surface through self-assembly.5%-"* It consists in the thermal anneal-
ing of a thin metallic film, promoting the nucleation and growth of holes within the film that eventually cross
each other and create the NPs.%%" NPs’ arrays with the desired properties can be obtained with a good control
of the process parameters, such as: annealing temperature (T) and dwelling time (t); initial Au thin film thick-
ness (dau); thin film and substrate materials system; nature and number of defects in the film; and roughness
of the substrate.”®7273

In this Thesis, the scattering properties of metallic NPs arrays will be studied to be integrated in an
ultrathin CIGS BFSC. In order to have the desired plasmonic effect, with the resonance peaks at the NIR and
IR regions of the solar spectrum, a fine control of the NPs’ geometrical properties is needed. Two proof of
concept approaches were studied: a random array of Au NPs obtained through thermal dewetting of a Au thin
film; and a periodic square array of Au NPs obtained through a nanofabrication process based on NIL.

1.6 — Optical Simulations- FDTD Solutions Package from Lumerical

Optical modelling and simulations constitute an important part of the PV research field, in the design,
analysis and optimization processes.” Those predict how a specific concept or design performs in a solar cell
and enable a much faster and efficient optimization of devices, when compared to iterative experimental meth-
ods.”™ This is specifically relevant for this Thesis, in which an optimization of geometrical parameters and
materials for the encapsulated metallic NPs array integration in ultrathin CIGS solar cells was made. Through
simulations, the optical phenomena caused by this light management strategy can be optimized to meet the set
requirements.

There are various methods to simulate light interactions with a solar cell and implemented light man-
agement structures, but only a few can accurately simulate complex geometries with a size smaller or at the
same scale as the incident .. FDTD numerical model appears as a reliable and rigorous method that can simu-
late broadband and transient light interactions with A and sub-A features, within a solar cell, e.g., plasmonic
metallic NPs and nano-texturized surfaces. FDTD solves Maxwell’s equations, retrieving direct time and space
solutions by determining the electromagnetic field components of light, for complex geometries.>*° To accu-
rately describe the light interaction with matter, FDTD often needs a very dense spatial sub- A discretization,
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which can increase the complexity of the simulations and the computational resources needed, so there always
needs to be a compromise.®

FDTD optical simulations have been used to test and optimize light management strategies before being
implemented in solar cells. One of these strategies is the implementation of resonant metallic NPs on solar
cells, either as an antireflection approach on top, or as a scattering strategy on the absorber/rear contact inter-
face.® Usually, the FDTD optical simulations are used to optimize the NPs array, by doing parameter sweeps
for their radius (r), shape, interdistance (a), and/or surface coverage (SC), in order to improve the solar cell’s
overall PCE. For CIGS solar cells specifically, this approach has been getting more attention recently, with
promising results.3*18475-77 Eor example, in the study by Royanian et al. ">, Au NPs on top of the window
layer of a thin film CIGS solar cell were simulated using FDTD, varying their r and a, with the optimized
architecture reaching a PCE of 19%, in conjunction with a graded absorber layer. Hasheminassab et al. %,
made a similar study, but Ag NPs were used, and their shape was also studied, reaching a PCE of 18.3 % for
the optimized architecture with cylindrical NPs. In the study by Zarerasouli et al. ", FDTD optical simulations
were made to improve the absorption and PCE of an ultrathin CIGS solar cell with an absorber thickness of
120 nm, by optimizing the NPs array implemented on top of the rear contact, reaching a PCE of 11.34 % for
cubic Ag NPs. The optimization of metallic NPs arrays using FDTD simulations, has also been done for other
types of solar cells, such as perovskite #7°, PSHT:PCBM 88! |nP 82 and GaAs nanowire  solar cells.

For the FDTD analysis, the two main parameters that are usually estimated are the total light absorption
(ABS()L)) for a specific layer or feature, and the Jsc. The power absorbed per unit of volume (Pags) for a given
layer can be determined using the electrical field intensity distribution in the corresponding material 84
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where o is the angular frequency of the light, &’ is the imaginary part of the dielectric permittivity, and
[E|? is the intensity of the electrical field. The ABS can then be calculated by integrating the normalized Pags
over a specific volume:

ABS(Q) = f Pass_ 4y )

AM1.5G
The Jsc is determined using the following expression 8
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in which q is the elementary charge, h is Planck’s constant, ¢ is the speed of light in vacuum, and lam1s
is the solar irradiance spectrum. It is important to notice that for the calculation of the Jsc it is assumed that the
internal quantum efficiency of the simulated solar stack is equal to 1, which means that every photon that is
absorbed by the absorber layer generates an electron-hole pair, and all these charges are collected. Thus, only
the optical performance of the device is studied.

The resonance of plasmonic metallic NPs is studied by determining the normalized Mie absorption (Qabs)
and scattering (Qscat) efficiency curves, for the considered A range. These curves heavily depend on the NP’s
characteristics such as r, shape, and a.%® Qass and Qscat are calculated by normalizing the corresponding power
to the light source intensity and to the cross-section of the NP:

Pabs/scat
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Paws and Pscat are calculated using Equation ().

FDTD optical simulations will be used to perform parameter sweeps for the NPs’ r and a, varying the
NPs and passivation materials, in order to determine the best architecture and materials for the NPs array for
an ultrathin CIGS BFSC. This numerical method will also be used to study the plasmonic NPs resonance for
different architectures, and parasitic absorptions that may be causing Jsc losses.
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MATERIALS AND METHODS

2.1 — Optical Simulations- FDTD

2.1.1 — Parameters’ Sweep

In order to find the best materials and geometrical parameters for the NPs square array and passivation
layer, that maximize the Jsc in ultrathin CIGS BFSCs, optical simulations were made with the FDTD solutions
package from the Lumerical software, varying the NPs’ r, a, and material, and the passivation layer thickness
(dpass) and material, for FI and RI. This method solves Maxwell’s equations for the simulated architecture,
allowing the determination of frequency-dependent electromagnetic fields. 39

The simulation setup is presented in Figure 2.1, where it can be observed that the passivated NP is
implemented in an ultrathin CIGS solar cell, with the following configuration: SLG (1.6 mm); SiO; barrier
layer to prevent Na diffusion (25 nm); ITO rear contact (350 nm); metallic spherical NP and passivation layer;
CIGS (500 nm); CdS (50 nm); i-ZnO (50 nm); AZO (200 nm). The complex refractive index values for these
materials were taken from: SLG®; SiO, from in-house spectroscopic ellipsometry measurements; 1TO®;
CIGS®; CdS, i-ZnO and AZO*®. The simulation region was defined considering a single NP from the periodic
array, with anti-symmetric and symmetric boundary conditions for the X and Y directions, respectively. These
boundary conditions enable the simulation of a unit cell while also considering the interaction with electro-
magnetic fields of other NPs from the periodic array, reducing simulations’ time and memory requirements.
In the Z directions, a Perfectly Matched Layer (PML) was used, which makes all the light that reaches these
boundaries to be absorbed, without any reflection at the interface. Furthermore, the dimensions of the simula-
tion region are determined in X and Y directions by the NP’s r and a, and in the Z directions, the upper limit
was arbitrarily defined at 500 nm after the AZO layer to have enough space for the light source and the reflec-
tance monitor, and the bottom limit was defined at 400 nm of SLG thickness. For the light source, a broadband
plane wave with a A range of 300-1100 nm and normal incidence was used, simulating the solar spectrum.
Since the NPs arrays are to be implemented in bifacial solar cells, the simulations were made for FI and RI,
always perpendicular to the interfaces. For RI, to not exceed time and memory limits, only part of the SLG
substrate was simulated, being later compensated by considering its absorption, and the reflection at the
air/SLG interface before reaching the bottom limit of the simulation region. Also, in the Z directions, the upper
limit was defined at 100 nm after the AZO layer, and the bottom limit was defined at 350 nm of the SLG
thickness, with the light source at 200 nm of the SLG thickness pointing upwards. With the implementation of
NPs in a solar cell, their topography might also be present on the upper layers, which can cause scattering and
reflection phenomena on those layers. However, the objective of this Thesis is only to study how plasmonic
NPs affect the solar cell’s efficiency, so instead of translating the NPs’ topography to the upper layers of the
solar cell, a CIGS volume compensation approach was followed.
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Figure 2.1- FDTD optical simulations setup for the ultrathin CIGS BFSC with passivated NPs implemented.

Initially, parameter sweeps for the NPs’ r and a were made for different combinations of metallic NPs
and dielectric passivation materials, for FI and RI, and considering three different dyass Values, summarized in
Figure 2.2. The materials used for the NP were Au and Ag, and for the passivation layer SiO2, Al,Os;, HfO,
and TiO,, which are usually used for rear contact passivation.®** The complex refractive index values for
these materials were taken from elsewhere: Au and Ag %; TiO, %; HfO,, Al,O; and SiO; from in-house spec-
troscopic ellipsometry measurements. The studied parameters were the NP’s r (35-80 nm, 5 nm step), the NPs’
a (25-250 nm, 25 nm step), and the dpass (10, 15, and 20 nm). For all these simulations, a mesh accuracy of 5
was used, corresponding to 22 mesh points per A value, with override mesh regions with a square size of 1 nm
on both CIGS interfaces, and with a square size of 4 nm around the surface of the NP. An ultrathin CIGS solar
cell without NPs was also simulated to serve as a reference, without the passivation layer.

r a @ o
1 1 [ 1 () Ag/ Au
1 I I

@ sio./ AL0,/ HfO,/ TiO,
Thickness, d,;: 10, 15 and 20 nm

NP radius, r: 35 to 80 nm, 5 nm step

NP interdistance, a: 25 to 250 nm, 25 nm step

Figure 2.2- Schematic of the materials and geometrical parameters that were studied during FDTD simulations.

2.1.2 - Figure of Merit for Front and Rear Illuminations

After determining the best geometrical parameters and materials for both FI and RI, a compromise be-
tween both had to be made to determine the optimal architecture for a BFSC. Normally, the light that reaches
the backside of a module is mainly diffused light reflected by the ground and the surroundings, meaning that
the spectral albedo of the ground is an important factor. Additionally, there are other factors that affect how
much light reaches the backside of the module, such as the elevation and inclination of the module, the presence
of other modules nearby and the module location.®”®® This means that the appropriate model to encompass
both illuminations varies with the intended application, but since this is not the focus of this work, a more
general approach is ideal. Therefore, a model by Julien et al. ® will be used, that considers that approximately
15% of the total power of the AM1.5G spectrum reaches the backside of the module, for grass surroundings.
This model was developed based on common backside gains for bifacial modules.®®* The overall Jsc value
for each combination of parameters and materials is calculated through:

A]sc,overan = Alsc,rront + 0.15 * Afsc rear Q)

Where AJsc rront IS the increase in Jsc in relation to the respective non-passivated reference (AJsc) for Fl,
and AlJsc rear IS the AJsc for RI. This calculated AJsc,overan Will be the figure of merit (FoM) for BFSCs. For the
best-found parameters, considering both illuminations, absorbance curves were obtained for the absorber,



dielectric and the NP materials, allowing the analysis of parasitic absorptions. For this absorption analysis, the
override mesh region square size on the surface of the NP was reduced to 2 nm, increasing accuracy.

2.1.3 — Study of the NPs’ Resonance for Different Parameters

The Qaps and Qscat Spectra were obtained for arrays of Au NPs with different geometrical parameters,
corresponding to five different points of a AJsc map for the best combination of dielectric material and thick-
ness. The setup used for these simulations is presented in Figure A.1.2, and it is based on a Mie Scattering 3D
set present on the Lumerical application gallery.1® It consists of nine passivated NPs with a defined r, a, and
dpass, In @ CIGS medium with a refractive index (n) of 2.966, which is the average n for this material. Nine NPs
are used to consider the effect of nearby NPs from the array on the resonance peaks, but it also means that in
Equation 4, the net power is hormalized to the cross-section of nine NPs instead of one. The simulation region
was defined around the central NP, as a cube with a side length of 2000 nm, allowing the monitors and the
light source to fit inside. There is a plane of symmetry in the Y and Z directions, so, to reduce the simulation
time and memory requirements, the boundary conditions were set as symmetric and anti-symmetric at the
minimum X and Z, respectively. Scattering and total absorption monitors were set up around the nine NPs,
with a total-field scattered-field (TFSF) source with a A range of 300-1100 nm in between them. This type of
source allows to study the scattering of NPs, separating the computation region into a total field region and a
scattering field region.’® A mesh accuracy of 5 was used, with an override mesh region on the NP’s surface
(1.5 nm). To determine if the resonance simulations were accurately performed, a validation of the general
setup was made by comparing the normalized Mie absorption and scattering efficiency curves of a single NP
with the curves obtained from the Mie theory. The simulation setup is similar to the one described before, but
it only considers one Au NP that is not passivated. The surrounding medium has a n of 1.

2.2 — Random Array of NPs

2.2.1 - Thermally Driven Solid-State Diffusional Dewetting

A thermal dewetting of Au thin films approach on ITO was studied, in order to determine its feasibility
to produce Au NPs close to the FDTD target dimensions. The substrate used was a commercially available
ITO coated SLG °%: 1.1 um SLG; a 25 nm anti-diffusion SiO; layer; a 350 nm ITO layer with a sheet resistance
(Rs) between 3 and 5 Q/sqr. The commercial ITO was cleaned with a standard procedure that consists of 15-,
10- and 5- min ultrasonic bath with acetone, isopropyl alcohol (IPA) and water, respectively. Then, the Au
thin films with different thicknesses were sputtered onto the substrates at room temperature (100 W DC sput-
tering on a Kenosistec UHV PVD system) and thermal dewetting was performed at atmospheric pressure in a
Termolab Chamber Furnace Type MLM Oven. The obtained NPs depend on different process parameters, and
the ones that are being studied here are the initial film thickness, da,, annealing temperature, T, and dwelling
time, t. The annealing temperatures studied were 350 and 500 °C, and the dwelling times were 2, 4 and 6 h.
For the 500 °C annealing, the initial film thicknesses studied were 2.5, 5, 7.5, 10, and 12.5 nm, for each dwell-
ing time. For the 350 °C annealing, the initial film thicknesses studied were 2.5, 3, 4, 5, and 7.5 nm, for each
dwelling time. The maximum temperature used for the annealing was 500 °C because the glass transition
temperature of the commercial 1TO is 564 °C.1% For all these conditions, a reference sample with bare ITO
was also annealed.



2.2.2 — Thermal Dewetting Optimization

Etching tests were done on the ITO’s surface to decrease its roughness and improve the dewetting pro-
cess. Two different plasmas were tested: 112 s of C4Fs plasma (2000 W 13.53 MHz plasma with 50 sccm CaFs
flow, 30 sccm H: flow, at 0 °C, 5 mTorr in SPTS APS system) and 112 s of Cl, plasma (1300 W 13.56 MHz
plasma with 45 sccm Cl, flow and 15 sccm CF4 flow, at 40 °C, 5 mTorr in SPTS ICP system). Furthermore,
to test the effects of surface etching on the final NPs, thermal dewetting was made at 350 °C for 2 h for
das=6 nm on an ITO substrate, for the CsFs plasma etching. Before the Au deposition, residual Teflon from
the C4Fs etching was removed with a plasma of O, and Ar (500 W 2.45 GHz plasma with 600 sccm O, and
50 sccm Ar flow, performed on the PVA Tepla Gigabatch 360M system) for 8 min.

In order for ITO to be a good rear contact for bifacial solar cells, it has to have good electrical and optical
properties. To better understand how the thermal annealing was affecting the optical, structural, and electrical
properties of ITO, thermal annealing was done for 2 h at 250, 350, and 500 °C. Another parameter that was
tested was the annealing atmosphere. Thus, thermal annealing was done at 500 °C for 2 h in a custom-made
rapid thermal process (RTP) oven, at 500 °C 1 bar, for 2 h, in a N2 atmosphere, for bare ITO, ITO etched with
C4Fs plasma, ITO with a da,= 4 nm, and C4Fs plasma etched ITO with da,= 4 nm.

2.3 — Periodic Array of NPs

To obtain a periodic square array of Au NPs with the desired geometrical parameters determined through
FDTD optical simulations, a process based on NIL was developed and optimized. The objective of this ap-
proach was to obtain a proof of concept, with a periodic square array of Au NPs.

2.3.1 — Nanoimprint Lithography

For the NIL process, a pattern is transferred from a master stamp to the sample, using an intermediate
polymer stamp (IPS). The master stamp consists of a square array of periodic holes with a defined diameter,
d, pitch, p, and depth. Two master stamps were used, one with d= 400 nm and p=2000 nm, and another with
d=100 nm and p= 600 nm, and both these stamps have a hole’s depth of 150 nm. Both these stamps were
previously made in-house, and their fabrication procedure is in Annex A.3.

The schematic of the process flow for the pattern transfer is presented in Figure 2.3. First, the master
stamp was cleaned with a plasma of O, and Ar (500 W 2.45 GHz plasma with 600 sccm O, and 50 sccm Ar
flow, performed on the PVA Tepla Gigabatch 360M system) for 8 min, and a thin anti-sticking layer (ASL)
was deposited. This ASL is a Teflon-like C4Fs polymer (2000 W 13.56 MHz plasma with 200 sccm CaFs flow
at 20 °C, 25 mTorr in SPTS Pegasus). The thickness of this layer was 50 nm for the larger pattern stamp and
10 nm for the smaller pattern stamp. The master stamp’s pattern was then transferred to the IPS, which is a
mouldable UV-curable polymer, with 15 bar of constant pressure at 22 °C for 60 s, followed by 240 s of UV
exposure at the same conditions to cure the polymer. This first pattern transfer will be henceforth referred to
as NIL-IPS. The now patterned IPS was then coated with a layer of C4Fs in the same conditions as described
before and with the same thickness as it was deposited on the master stamp. The last step was to transfer the
pattern on the IPS onto the patterning resist (TU7-310), by first heating both the sample and the IPS to 65 °C
for 10 s, followed by 100 s at 15 bar of constant pressure and at the same temperature, and 180 s with UV
exposure at the same conditions to cure the resist. This second pattern transfer will be henceforth referred to
as STU-NIL.
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Figure 2.3- Schematic of the process flow for the pattern transfer from the master stamp to the sample.

2.3.2 —Process Flow for the Fabrication of Periodic Arrays of NPs

The schematic of the process flow for the fabrication of the periodic square array of NPs is presented in
Figure 2.4. First, the Si substrate was cleaned with the standard acetone, IPA and deionised water procedure.
Then, the substrate was dehydrated in vacuum with hexamethyldisilazane (HMDS) at 150 °C for 300 s in the
Vapour Prime YES-310TA oven, followed by the deposition by spin-coating of the lift-off resist and the pat-
terning resist, in a Suss MicroTec Gamma Photoresist Cluster system. Initially, for the lift-off resist, it was
deposited 500 nm of LOR 5B at 1500 rpm for 45 s, baked at 200 °C for 180 s. However, with the optimization
of the process it was changed to LOR 1A, and it was deposited a 170 nm layer at 1500 rpm for 45 s, baked at
200 °C for 180 s. For the patterning resist, 300 nm of TU7- 310 were deposited at 3000 rpm for 30 s, baked at
90 °C for 120 s, which is an appropriate resist for simultaneous thermal and UV (STU) NIL, with a larger
thickness than the depth of the master stamp. The thickness of the LOR resists was chosen to allow for the lift-
off step, even with the deposition of the Au, but also the decrease in said thickness was made to allow a more
vertical Au deposition. The thickness of the TU7-310 was chosen in consideration of the step of the already
fabricated NIL master stamps. The next step was to pattern the TU7-310, with the process explained in the
previous section, STU-NIL, and to remove the residual layer that always stays after a NIL process. To remove
this layer, a plasma of O, was used, in a process that will henceforward be called O strip (2500 W 13.56 MHz
plasma with 115 sccm O flow, at 20 °C and 85 mTorr performed in a SPTS Pegasus). During this process, the
sample is secured to a Si wafer with a thin layer of thermal wax between them to help dissipate the heat that is
generated during the process. The O strip process needs to remove all the residual resist, but it is important to
not remove LOR, otherwise the development process after will lose reproducibility. Thus, throughout the op-
timization process different times of O, strip were tested: 20, 23, 25, 27, and 29 s. The next step was to develop
the LOR underneath the TU7, and different developer and development times were tested throughout the op-
timization process. For the LOR 5B, the developer used was AZ400K, with a 1:4 dilution ratio, at 22 °C for
7 s without rotation, performed in a Suss MicroTec Gamma Photoresist Cluster system. For the LOR 1A, the
developer used was tetramethylammonium hydroxide (TMAH), and two concentrations were tested: 2.2% and
1.5% V/V. For TMAH 2.2% the development times tested were 10, 20, 25, and 30 s, and for TMAH 1.5 % the
development times tested were 50, 60, 70, and 85 s. Reproducibility tests were also made for the chosen times.
The TMAH solutions were made from a 20 % V/V TMAH bottle, and all the developments were manually
and individually made. Following the development with TMAH, the samples were immediately immersed in
IPA to stop the development process, and dried after with a N flow. It is important to notice that the control
of the development process is a vital step in the whole process, because if the development is not enough, the
Au will be deposited on top of the LOR and during lift-off it will come off, and if there is too much develop-
ment the support for the TU7 will not be enough and the whole structure will fall. The next step was to deposit
Au nanodiscs (NDs) in the holes created by the development, and two physical vapor deposition (PVVD) meth-
ods were tested: thermal evaporation of Au pellets on a resistive boat (105 A thermal evaporation at 10° mbar,
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performed in a Korvus Hex system with the thermal evaporation source module, using pure Au pellets of
3.175%3.175 mm); sputtering of an Au target (100 W DC sputtering performed on a Kenosistec UHV PVD
system). Initially, the evaporation method was used to deposit 100 nm of Au, but it was later changed to the
sputtering method, in which different nominal thicknesses of Au were tested throughout the optimization pro-
cess:10, 15, 20, 25, 40, 50, 60, 70, 75, 80, 90, and 100 nm. Note that the deposition by sputtering is not very
directional and the Au target is not directly above the sample, and since the Au is being deposited on cavities
a few evident problems arise - the deposition is not completely uniform throughout the sample and the sput-
tered Au may have some problems getting inside the holes. Also, there might be variations in the quantity of
Au deposited on each hole, which will lead to variations in the NPs’ size. The evaporation system has a more
vertical deposition, but the stage is not centred with the resistive boat, meaning that the deposited Au will not
be uniform, even inside the holes, but the thickness of the deposited Au will be closer to the pretended one.
Following the Au deposition there is the lift-off to remove the LOR, and it was done with mr-REM 500 resist
remover in an ultrasonic bath, at 60 °C for 30 min. The samples were immersed in IPA right after to remove
any traces of the mr-REM 500 and dried with a N flow. Finally, the samples underwent thermal dewetting at
800 °C for 2 h at atmospheric pressure in a Termolab Chamber Furnace Type MLM Oven.

STU-NIL
+
0, plasma Resist
etching Development

—) —)

Lift-off

+
Thermal Dewetting ' Au deposition

Figure 2.4- Schematic of the process flow for the fabrication of the periodic square array of NPs.

2.4 — Sample Characterization

Accurate characterization methods are vital to process and compare results, and to choose the next steps
to take. For the thermal dewetting, all the samples, following any process, were characterized with scanning
electron microscopy, SEM, using a NovaNano SEM, and UV-Vis spectroscopy, using a PerkinElmer
LAMBDA 950 UV-VIS-NIR Spectrophotometer. The SEM images of the NPs obtained after thermal
dewetting were analysed using the ImagelJ software, to determine average NPs’ r and a, circularity, and SC.
The Rs was measured following the thermal annealings, for the reference samples and later for the optimization
tests, using a Sheet Resistance Prober by AITCO, that uses the 4-point probe method. Using the sessile drop
method in a static regime, and with the Laplace-Young method to calculate the contact angle, the surface free
energy (SFE) was calculated using the Owen-Wendt-Rabel-Kaeble method that requires a polar and a disper-
sive liquid- water and diiodomethane, respectively.1%1% CA measurements were made right after the anneal-
ing, for the reference samples and for the roughness optimization samples. To test if there was formation of
other crystalline phases during ITO’s annealing, a structural analysis was conducted through X-Ray Diffrac-
tion (XRD) during the optimization process in a XRD system by PANalytical. The root mean square (RMS)
roughness of the optimization substrates was analysed using Atomic Force Microscopy (AFM) in an AFM
Dimension Icon Atomic Force Scanning Probe Microscope by Bruker, with a scanning frequency of 0.3 Hz,
and with a SSS-NCH tip 1% in tapping mode.

For the periodic array of NPs, most of the characterization was done in SEM, since the most important
part of the optimization of this lithographic process was to visualize how the different process parameters were
affecting the different stages of the process. To analyse the SEM images, ImageJ software was used.
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3

RESULTS AND DISCUSSION

3.1 — Optical Simulations- FDTD

3.1.1 — Parameters’ Sweep

Two different metals were tested for the NPs, Au and Ag, which are the most used plasmonic NPs,
because of their high free electron density 1% and LSP resonance effect in the visible region, but also because
they can be obtained through simple preparation methods, and can be synthesised over a wide range of sizes
and shapes.’®® Ag NPs are more affordable and have a stronger LSP resonance than Au NPs %7, however Au
NPs have a higher stability against oxidation, which is crucial for solar cells.” Generally, Ag nanostructures
have a higher performance than their Au counterparts, as it was demonstrated by FDTD simulations’®, which
is explained by their strong scattering and low parasitic absorption.®? In this section, both Au and Ag NPs will
be studied, but the focus of the discussion will be on Au NPs, given that only Au NPs were experimentally
produced in this Thesis, since Au does not oxidize, opposite to Ag, making the diffusion of the Au thin film
during thermal dewetting easier.

For each simulation, considering the different combination of parameters and materials, for Fl and RI,
an absorbance spectrum was obtained, and for each parameter sweep, with defined materials and dielectric
thickness, a map of AJsc as a function of the NPs’ r and a was obtained. The AJsc maps for Au NPs passivated
with 10, 15, and 20 nm of SiO,, for Fl, are presented in Figure 3.1- a) to c), respectively, while for Rl are
presented in Figure 3.1- d) to f), respectively. These AJsc maps are an example of the general trend that most
of the studied material combinations follow. The simulated Jsc of a reference ultrathin CIGS BFSC is 26.56
and 24.35 mA/cm? for Fl and RI, respectively. The AJsc maps for the remaining studied material combinations,
for both illuminations, are presented in Annex A.1. For FI, for dyass= 10 nm, large NPs with a r range of 75-
80 nm and an a range of 125-200 nm originate a higher AJsc, but with the increase in dpass, @ new trend that
favours NPs closer to each other and with a r range of 60 to 80 nm starts to appear. Considering the optimum
NPs’ r and a for dyass = 10 nm, there is a blueshift of the resonance peaks with the increase in the dyass Value,
because the passivation material, with a n lower than CIGS’, will cause a decrease of the dielectric medium’s
average n around the NP.%® This means that the resonance is moving away from the optimal A range and losing
intensity, causing a decrease in the AJsc.>” To compensate this loss, a higher density of NPs is needed, in which
they are so close together that they interact with each other and their resonance peaks redshift °%’ improving
the absorption in the NIR and IR. This effect is potentiated by the fact that the NPs’ encapsulation is connected,
without the high n CIGS material between them. For RI, independently of the dpass Value, NPs that are distant
from each other are favoured, suggesting that the NPs act mostly as a reflector. Furthermore, to have more
light passing through and being absorbed by the CIGS, there needs to be a larger a. For both illuminations, the
AJsc maps corresponding to a dpass= 10 nm, generally have a larger maximum Jsc, when comparing with the
maps for the thicker dyass Values, which is probably caused by the blueshift of the resonance peaks with the
increasing encapsulation thickness.>® Also, when comparing the AJsc maps of Au and Ag NPs, for the same
encapsulation material and dpass, the Ag NPs architectures have a larger maximum Alsc, which is expected,
since the LSP effect is stronger and the parasitic absorption lower.X%
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Figure 3.1- Simulated AJsc colour maps for Au NPs passivated with SiOz integrated in an ultrathin CIGS BFSC: for dpass = a) 10,
b) 15, and c) 20 nm, for FI; for dpass= d) 10, e) 15, and f) 20 nm, for RI. Note that the scale is different for each map.

There are two combinations of materials that, for FI, show a different trend- Au NPs and Ag NPs pas-
sivated with TiO,. Figure 3.2- a) to ¢) are FI AJsc maps for Au NPs passivated with 10, 15, and 20 nm of TiOx,
respectively. These maps are representative of the FI maps for Ag NPs passivated with TiO. It can be observed
that the optimal NPs’ geometrical parameters are r= 80 nm and a= 125 nm, independently of the dyass Value,
which is a unique trend amongst the different studied material combinations. In addition, when comparing
Figure 3.1- a) with Figure 3.2- a), the maximum AlJsc zone starts at lower NPs’ r for the TiO, encapsulation,
due to its higher n in comparison to SiO,, meaning that there will be a redshift in the resonance peaks®®°” and
the same plasmonic effect is achieved with smaller NPs.
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Figure 3.2- Simulated AJsc colour maps for Au NPs passivated with TiO integrated in an ultrathin CIGS BFSC: for dpass= a) 10,
b) 15, and ¢) 20 nm, for FI. Note that the scale is different for each map.

The best geometrical parameters and the corresponding Jsc for all the studied combinations are displayed
in Table A.1.10. Generally, for the same materials combination, the smaller dpass corresponds to the highest
Jsc, for both FI and RI. For Fl, larger NPs with an intermediate a originate the highest Jsc, as a denser NPs
array provides a more complete light interaction, however, at a certain point, their resonance peaks start to be
affected by interactions between NPs, redshifting and losing intensity.%®5” For RI, NPs that are far from each
other originate the highest Jsc, because when NPs are not scattering light they are mostly reflecting it, obstruct-
ing light transmission to CIGS. It can be observed that for both illuminations, the material combinations that
originate the highest Jsc are Au and Ag NPs passivated with TiO,, which is the best encapsulation material
due to its higher n, closer to CIGS’, that allows for a more uniform surrounding dielectric medium, and
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consequently, a more intense resonance. These combinations of materials are also the only ones that allow for
an increase in the Jsc, for RI. For FI, the best combinations are Au and Ag NPs both with r= 80 nm and
a= 125 nm passivated with 10 nm of TiO,, with a Jsc of 28.70 mA/cm? and 28.92 mA/cm?, respectively. For
RI, the best combinations are Au NPs with r=55 nm and a= 250 nm passivated with 15 nm of TiO,, and Ag
NPs with r= 60 nm and a= 250 nm passivated with 20 nm of TiO,, with a Jsc of 24.37 mA/cm? and
24.81 mA/cm?, respectively.

3.1.2 — Compromise Between Front and Rear llluminations

To determine the best geometrical parameters and materials, a compromise between FI and RI had to
be made. Using the model from Section 2.1.2, in which it is considered that only 15% of the AM1.5G spectrum
reaches the backside of a bifacial module, the best overall geometrical parameters, for the studied material
combinations, are presented in Table 3.1, with the corresponding AJsc overan. The results for all the dpass values
are presented in Table A.1.11. From Table 3.1, it can be concluded that the highest AJsc value for each com-
bination results from large NPs with r= 80 nm, an a that ranges from 150 to 200 nm, and dpass= 10 nm. These
results follow the ones for FI, with a slight increase in the NPs’ a to also encompass the R, since the FoM
used puts much more weight on the FI than on the RI. The best combinations of materials and parameters are
Au NPs with r= 80 nm and a= 150 nm, passivated with 10 nm of TiO, with a AJsc overai= 1.87 mA/cm?, and
Ag NPs with the same geometrical parameters and passivation, with a Adsc overai= 2.24 mA/cm?. Furthermore
the optimal SC for both Ag and Au NPs will be 20.92 %. A NPs array with these geometrical parameters will
be sought after in the following experimental sections.

Table 3.1- Best overall geometric parameters for all the studied material combinations, with the corresponding AJsc,overall.

Combination (NP/Passivation) | Best dpass ("m) | Bestr (nm) | Besta (nm) | Alscovera (MA/cM?)
Au/SiO, 10 80 175 0.78
Au/Al,O3 10 80 175 0.96
AUu/HfO, 10 80 175 1.03
FI+RI AU/T_iOz 10 80 150 1.87
Ag/SiO; 10 75 200 0.82
Ag/Al,O3 10 80 175 1.22
Ag/HTO; 10 80 175 1.37
Ag/TiO; 10 80 150 2.4

To better understand the optical phenomena happening for these optimal combinations, high accuracy
simulations were performed, in which the simulated absorbance by CIGS and parasitic absorbance by the NPs
and the dielectric material were determined, for Au/Ag NPs with r= 80 nm and a= 150 nm, encapsulated with
10 nm of TiO.. Figure 3.3- a) and b) correspond to the absorbance spectra for the architecture with Au NPs,
for Fl and RI, respectively, and Figure 3.3- ¢) and d) for the Ag NPs, for Fl and RI, respectively, all compared
to the corresponding non-passivated ultrathin CIGS BFSC reference. It can be observed from Figure 3.3- a),
that the Au NPs, for FI, enable a significant CIGS absorbance increase for A values higher than 600 nm, and
consequently an increase in the Jsc, but they are also absorbing light in the NIR and IR regions of the spectrum,
which is not ideal and is limiting the AJsc. From Figure 3.3- b), it can be concluded that, for RI, the Au NPs
are mainly absorbing and reflecting light in the UV- Vis region of the spectrum, which is causing a significant
decrease in the CIGS’ absorbance and the overall Jsc. In the NIR and IR regions of the spectrum the same is
happening, but the NP’s resonance is in the same region, which leads to an increase in the CIGS’ absorbance,
in comparison with the reference. By contrast, the Ag NPs’ absorbance spectra, from Figure 3.3- ¢) and d),
show that they are absorbing much less light, leading to a higher Jsc. For RI, even though Ag NPs have a much
lower absorption in the UV-Vis region of the spectrum, they are still reflecting light, which is why the CIGS
absorbance spectrum is still below the reference. Overall, the performance of the Ag NPs is superior to the Au
NPs, which was expected since Ag NPs have a stronger LSP effect and less parasitic absorption.52%7
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Figure 3.3- Simulated absorbance spectra for the CIGS absorber, NP and passivation layer, for the optimal overall geometric parame-
ters- r= 80 nm and a= 150 nm- for: Au NPs passivated with 10 nm of TiOg, for a) FI and b) RI; Ag NPs passivated with 10 nm of
TiOg, for ¢) Fl and d) RI.

3.1.3 — Study of the NPs’ Resonance for Different Parameters

To better understand how the geometrical properties of the NPs are affecting their resonance and, con-
sequently, the generated Jsc, 5 points of the AJsc map for Au NPs passivated with 10 nm of TiO; from Figure
3.2- a) were chosen to study the normalized Mie absorbance and scattering efficiency of the corresponding
NPs, in a CIGS medium. The validation of the simulation model is presented in Figure A.1.12. In these simu-
lations, the 1TO substrate was not implemented, however, since the n of ITO is smaller than CIGS’, a small
blueshift of the resonance peaks may happen in real-life implementation.%6:5

The Mie resonance of the NPs depends on a few factors, such as the NPs’ size, shape, composition,
spatial distribution, and dielectric medium®%¢57, but for this specific study, the only parameters that will be
addressed are the NPs’ r and a. In terms of the NPs’ size, as a general approach, there are two main regimes:
NPs much smaller than light’s A (smaller than 100 nm), and NPs with size comparable or larger than light’s A
(larger than 100 nm).%" In the small size regime, the electrical field distribution inside the NP is considered
uniform, and the electron cloud polarization is coherent in each point of the metallic NP, meaning that the
behaviour of the oscillations can be described by a simple dipole.>¢57198.10% | the large size regime, the elec-
trical field distribution inside the NP is no longer considered uniform, and the electron cloud polarization is no
longer coherent for each point of the metallic NP, meaning multipolar plasmon oscillation start to ap-
pear.%8°"108-110 In addition, the ratio between scattered and absorbed photons strongly depends on NP’s
size 56108109111 For NPs smaller than the A of incident light, scattering and absorption effects scale with the 6%
and the 3" power of the NP’s size, respectively.®1%11! As a result: absorption dominates over scattering for
NPs with size much smaller than the light’s A; both effects become comparable at around 50 nm of NPs’ size;
and scattering begins to dominate for NPs larger than 70-100 nm.%198.11:-113 The minimum size of the studied
NPs is 70 nm, which means that for this analysis, for all 5 combinations of geometrical parameters, it is ex-
pected that the NPs present multipolar plasmon oscillations and that the scattering effect is what prevails. The
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Mie scattering and absorption efficiency spectra for the 5 different configurations are displayed in Figure 3.4-
a) and b), respectively. From Figure 3.4- a) and b), it can be observed that, for all the NPs arrays, both scatter-
ing and absorption curves show more than one peak, and the scattering efficiency is always higher than the
absorbing efficiency, confirming the earlier hypothesis. It can be concluded, by observing Figure 3.4- a), that
for a constant a= 125 nm, the increase in the NPs’ r- from 35, to 55, to 80 nm- causes the scattering spectrum
to redshift and broaden, mainly because of the extrinsic size effects that are originated by multipolar plasmon
oscillations, which is in accordance with literature,6-108110.11L114115 This effect is causing the most intense scat-
tering peak for NPs with r=80 nm and a= 125 nm to shift to a A higher than 1100 nm, which is why it cannot
be seen in Figure 3.4- a). From Figure 3.4- b) it can be observed that with the increase in the NPs’ r, while
maintaining the a, the absorption efficiency peaks become less intense and suffer a redshift and broadening,
which is expected, since this increase in size is making the scattering effect dominate. 108111113115 The highest
Jsc corresponds to a NP array with r= 80 nm and a= 125 nm, which is not the combination of geometrical
parameters that has the highest scattering effect, as it can be seen in Figure 3.4- a). This can also be explained
by the shift in the optical effect that dominates. Even though the NPs with r= 35 and 55 nm appear to have
higher scattering efficiency, their absorbance efficiency is also significantly larger, which means that they have
more parasitic absorbance that is converted to heat %611%-11° which makes the solar cell’s Jsc decrease.

LSP of different NPs can influence each other, depending on NPs’ a, shape and relative light polariza-
tion, generating hybrid plasmon modes.%12012! |n other words, if NPs from an array are close enough to each
other, the electromagnetic field applied on a single NP will be the sum of the electromagnetic fields from the
incident light and the surrounding NPs, which modifies the NP’s resonance.>"1227124 In general, the interaction
between NPs’ plasmon resonances causes a redshift in the resonance band and broadens the peaks.®6:°7:121-124
By observing Figure 3.4- a), it can also be concluded that for a constant NPs’ r of 80 nm, the decrease in
NPs’ a- from 225, to 125, to 25 nm- there is a clear redshift and broadening in the main resonant X peak, at
around 900 nm, which is in accordance with literature.®%" From Figure 3.4- b), it can be observed that the
absorption efficiency curves for these three cases are very similar, indicating that the scattering effect is dom-
inating, as expected for this size of NPs. Furthermore, the difference in the generated Jsc must come from the
differences in the resonance effects. The near scattering field decays very quickly with distance, meaning that,
if the NPs are close enough, the generated electrical field on a NP by nearby NPs will present significant
amplitude variations throughout the NP volume. This causes the surface plasmon excitation to be uneven,
meaning that the movement of the electrons will not be uniform, leading to charge accumulation inside the NP
and extra damping of the oscillations.” By observing Figure 3.4- a), it can be clearly seen that the NPs with
r=80 nm and a= 25 nm have a smaller scattering effect, which may be caused by the fact the NPs are so close
to each other that this damping effect takes place. On the other hand, NPs with r= 80 nm and a= 225 nm have
a higher scattering effect than the NPs with the highest AJsc. As it was mentioned before, the longer A values
are the hardest part of the AM1.5G spectrum to be absorbed by the CIGS layer, because of their lower energy,
even with a bandgap gradient, leading to their reflection or parasitic heat generation.>*?>2” Therefore, NPs
that have their resonance for A above the NIR are desirable, and lead to an increase in the solar cell’s Jsc. In
addition, a blueshift is expected with the introduction of the ITO substrate, that has a smaller n than CIGS’, so
the resonance peaks for the NPs with r= 80 nm and a= 225 nm would shift even further away from the optimal
A range, and the resonance peaks for the NPs with r=80 nm and a= 125 nm would move closer to the optimal
A range. Also, NPs with r=80 nm and a= 125 nm, even with a smaller scattering effect, may provide a more
complete light interaction than NPs with r= 80 nm and a= 225 nm, since the NPs’ array is denser.
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Figure 3.4- Simulated Mie a) scattering and b) absorption efficiency spectra for Au NPs passivated with 10 nm of TiO2 with different
geometrical parameters: r=80 nm, a= 125 nm (black); r=55 nm, a= 125 nm (red); r=35 nm, a= 125 nm (green); r=80 nm, a= 25 nm
(blue); r=80 nm, a= 225 nm (purple).

3.2 —Random Array of NPs

3.2.1 — Thermal Dewetting Calibration

Thermal dewetting of Au thin films on ITO was studied and optimized to address its feasibility in the
fabrication of Au NPs with the geometrical parameters determined through FDTD, r= 80 nm and a= 150 nm,
as a proof of concept, to be implemented as a scattering light management strategy on an ultrathin CIGS BFSC.
The process parameters studied were day, T, and t.

SEM images of the obtained Au NPs on ITO after thermal dewetting at 500 °C, for 2 h, for da,= 2.5, 5,
7.5, 10, and 12.5 nm are presented in Figure 3.5- a) to e), respectively, and after thermal dewetting at 350 °C,
for 2 h, for da,=2.5, 3, 4, 5, and 7.5 nm are presented in Figure 3.5- f) to j), respectively. The SEM images for
t=4 and 6 h, are presented in Figure A.2.1 and Figure A.2.2, for 500 and 350 °C, respectively. As a general
trend, it can be observed that with an increase in the day, there is an increase in the NPs size, which is ex-
pected.>" From Figure 3.5- a) to ¢) and f) to i), it can be observed that well-defined singular NPs were formed,
however, from Figure 3.5- d), €) and j), it can be observed that for 500 °C, for da,= 10 and 12.5 nm, and for
350 °C, for day= 7.5 nm, the energy provided is not enough to make the Au thin films completely dewett,
independently of the t. This is more apparent for t= 4 and 6 h, seen in Figure A.2.1 and Figure A.2.2. The
roughness of the substrate is an important parameter that greatly influences dewetting’® 273128129 and although
the roughness of the ITO used is just ~6 nm, when compared with the thickness of the Au films deposited, it
is relatively high. In the beginning of the thermal dewetting, the formation of holes is similar to what happens
for flat surfaces, although it is accelerated by its higher instability caused by high roughness.'?® After a certain
time, the surface of the Au thin films begins to not replicate the roughness of the substrate, and the film be-
comes uneven in thickness, with a higher thickness in pit regions and a lower thickness in protruded regions.?
Additionally, the holes in the film begin to shrink and their density increases. Increasing t, causes a phenome-
non named flattening, that is driven by the topographical features of the substrate, and consists in the retraction
of the Au film from pits, leaving behind very small NPs.? After a long t, the film becomes flat and nanopo-
rous, and the roughness of the substrate below cannot be noticed.*?® This phenomenon was also demonstrated
in the work by Giermann and Thompson . Flattening of the film can clearly be seen in Figure 3.5- d) and )
for day= 10 and 12.5 nm, T=500 °C, and in Figure 3.5- j) for da,= 7.5 nm film, T= 350 °C, which indicates that
it also depends on the T, not just the da.. Even with this phenomenon happening, NPs can still form in flatter
spots of the substrate, as seen in Figure 3.5- e). For lower da, values, flattening does not happen, which is
attributed to the fact that these lower thicknesses do not reach the percolation limit for the substrate rough-
ness.'?® Furthermore, it can be inferred that for substrates with a relatively high roughness, thermal dewetting
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of Au thin films only forms individual NPs if the film is below the percolation limit for that substrate, and
there is enough thermal energy. It is important to notice that, for the thermal annealing at 500 °C, for
das= 7.5 nm, there is a slight flattening in certain spots of the sample, which is more noticeable for the 4 h
annealing, seen in Figure A.2.1- h). However, for most of the sample area, NPs were formed, so it was con-
sidered that for this sample, the percolation limit was not exceeded.

o .m P e

iaesoft obtained Au NPs on ITO after thermal dewetting at 500 °C, for 2 h, for dav= a) 2.5, ) 5, ¢) 7.5, d) 10,
and e) 12.5 nm, and at 350 °C for 2 h, for dau=a) 2.5, b) 3, ¢) 4,d) 5, and €) 7.5 nm.

In order to assess the visual appearance of the as-deposited Au thin films, SEM images were taken of
bare ITO, and ITO with da,= 5 and 10 nm, presented in Figure A.2.3- a) to ¢) respectively. It was observed
that the 5 nm thick Au film translates the roughness of the ITO below, but it is not continuous, meaning that it
is below the percolation limit, and with enough energy it will dewett into singular NPs, as seen previously.
However, the 10 nm thick Au film is not fully recreating the roughness of the ITO below, it has some Au
agglomerates, and it is a continuous film, meaning that it is above the percolation limit, and it will flatten
during thermal dewetting, as demonstrated. Therefore, it is confirmed that flattening happens for Au thin films
above the percolation limit, and it can be determined that, for the formation of NPs, the maximum da, for
T=500 and 350 °C is around 10 and 7.5 nm, respectively. For Au thin films above the percolation limit, the as-
deposited thin film appears homogenous, however, this is probably not true, which is caused by a shadowing
effect of “inclined” grains during deposition, leading to film thickness variations in the vicinity, that can be
aggravated by variations in roughness and in grain orientation.?

The NPs obtained from the thermal dewetting processes were analysed using the ImageJ software, and
the following parameters were determined: NPs’ r, circularity, a, and SC. For this analysis, NPs smaller than
20 nm were not considered, because they blend with the image’s noise, making their measurement very im-
precise. In addition, samples where the Au film was flattening were not analysed, since they did not present a
random array of NPs. For each combination of conditions, two SEM images were analysed to obtain more
statistically accurate results. Table 3.2 shows the results from the analysis of the SEM images of the NPs
obtained from the 2-hour thermal annealing processes, for 350 and 500 °C, for the different studied da, values.
The full analysis, for the remaining annealing times, is presented in Table A.2.4. From Table 3.2, there are a
few general trends that can be observed. For both T values, an increase in the da, leads to a higher average
NPs’ r and a, resulting in a smaller SC, which is in accordance with literature.”®"* In addition, the standard
deviation for the NPs’ r and circularity parameters also increases with the increase in the da.. The higher
variation of NPs’ r may be caused by a few factors: with the retraction of the Au film from the pits, small NPs
are left behind 128, which contributes to this higher value that aggravates as the average NPs’ r increases '%%;
the roughness of the ITO makes the deposited Au film unstable and not homogenous in thickness, which can
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lead to areas with more Au than others, resulting in NPs with different size, and this effect becomes more
notorious for thicker films 128, as seen when comparing Figure 3.5- h) and i), for example. The higher variation
in the circularity of the NPs, with the increase in day, can be explained by the higher variation in the NPs’ r-
larger NPs need more energy to become round, so smaller NPs will generally be more circular, for the same
T. Thus, it can be concluded that, for the same t and day, an increase in T leads to rounder NPs.”* The roughness
of the substrate may also be preventing the NPs from becoming more circular. For both T values, when com-
paring the obtained NPs for t= 2, 4 and 6 h, for the same da,, in Table A.2.4, it can be concluded that there is
not a significant difference between them, meaning that a 2-hour annealing is enough for the NPs to stabilize.
From the FDTD numerical simulations, it was concluded that the optimum NPs array’s geometrical properties
were r= 80 nm, a= 150 nm, SC= 20.92 %. From Table 3.2, the NPs obtained that were closer to meet these
parameters came from the dewetting at 500 °C for 2 h, for da,= 7.5 nm, and their parameters are r= 66 nm,
a= 110 nm, SC= 23.4 %, with a circularity of 0.77. From the FDTD optical simulations, assuming that the Au
NPs would be perfectly round and with a constant a, encapsulated in 10 nm of TiO, and implemented in an
ultrathin CIGS BFSC, the expected approximate AJsc.overan Value is 1.02 mA/cm?, which is still far from the
value for the optimum geometrical parameters- 1.87 mA/cm?- but would still present an increase in the solar
cell’s performance. In order to meet the desired parameters, an increase in the da, is needed to increase the
NPs’ r and a, but that will surpass the percolation limit and the film will just flatten. Furthermore, a decrease
in ITO’s roughness is needed so that the flattening threshold shifts to thicker films.

Table 3.2- Results from the analysis of the SEM images of the NPs obtained after thermal dewetting at 350 and 500 °C, for 2 h, for
the different dau values studied. ImageJ software was used to analyse the NPs.

r (nm) Circularity a (nm) SC (%)
T (°C) dau (Nnm)

Average | Std. Dev. | Average | Std. Dev. Average Average

2.5 18 5 0.55 0.13 26 27.0

350 3 21 6 0.69 0.14 32 26.0

4 29 11 0.67 0.15 45 254

5 44 20 0.68 0.16 67 25.6

25 17 4 0.72 0.13 27 25.1

500 5 41 19 0.72 0.18 65 24.6

7.5 66 39 0.77 0.20 110 23.4

To study how the annealing conditions were affecting ITO’s electrical and chemical properties, the Rs
was measured and the SFE was calculated for each reference sample, that corresponds to an annealing tem-
perature and time. The Rs measurements are displayed in Table 3.3, and the reference corresponds to an ITO
substrate that was not annealed. It can be concluded, from Table 3.3, that the annealing at 500 °C significantly
degrades ITO’s electrical properties, but the annealing at 350 °C for 2 h only shows a slight increase in the Rs,
hinting that there might be a lower temperature that does not degrade ITO. However, a decrease in T leads to
less round NPs and to a decrease in the maximum da, before flattening starts to happen. This means that the
obtained NPs will have a smaller maximum size, and since the objective is to obtain spherical NPs with
r=80 nm, and the maximum average r obtained was 66 nm, it is not ideal to reduce the T. Furthermore, a
solution is needed to prevent ITO’s Rs from rising with the annealing. For the 350 °C annealing, the Rs in-
creases with the t, however, for the 500 °C annealing, this increase was much less significant. This phenome-
non is explained in the work by Kim et al. 131, where it was demonstrated that ITO’s resistivity increases faster
in the beginning of the annealing and then stabilizes after a certain time, and for a higher T, the initial increase
in resistivity is much more abrupt. This means that, for the 2 h annealing, ITO’s Rs is already near the stabi-
lizing zone for the 500 °C annealing, which is not true for the 350 °C annealing, as seen in Table 3.3. It is also
important to mention that for most samples annealed at 500 °C, the ITO seemed to change colour, from an
almost transparent light green to a translucid light brown, which is also an indication that some phenomenon
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is happening that changes ITO’s properties. SFE measurements are displayed in Table A.2.5, and it was con-
cluded that the annealing does not affect ITO’s surface chemical properties.

Table 3.3- Sheet resistance for bare ITO samples, annealed at 350 and 500 °C, for 2, 4, and 6 h, using the 4-point probe method.

Sheet Resistance (/sqr)
Annealing Temperature (°C)/ Time (h) 2 4 6 Reference
350 6.3 17.7 22.1 3.9
500 18.4 20.9 19.4 '

3.2.2 — Study of ITO’s Electrical Degradation

To study the increase in ITO’s Rs following the thermal annealing, three thermal annealing processes
were performed for ITO samples, for T= 250, 350 and 500 °C, t= 2 h. The Rs was then measured, and the
results are present in Table 3.4. A transition point can be observed at around 250 °C, at which the Rs starts to
increase. In the work by Kim et al. 13!, it was concluded that below 200 °C, ITO’s Rs was not affected, between
200 and 250 °C it started to slowly go up, and after 250 °C the degradation sharply increases, which corrobo-
rates the obtained results.

Table 3.4- Sheet resistance for bare ITO samples, annealed at 250, 350 and 500 °C, for 2 h, using the 4-point probe method.

T () Sheet Resistance (/sq)
Average | Std. deviation
Reference 3.87 0.02
250 3.98 0.03
350 7.5 0.4
500 20.1 1.0

The increase in ITO’s Rs with the thermal annealing may be caused by a change in its crystalline
phase %2, or by O diffusion from the atmosphere during the process.'3:133134 A structural analysis was done
on the annealed samples with XRD analysis, to check if there was formation of different crystalline phases
during annealing, and the results are presented in Figure 3.6- a). It can be concluded that the increase in ITO’s
Rs is not due to the formation of other crystalline phases, since all the peaks are the same for all the T values,
corresponding to the typical peaks seen for ITO.*®* A UV-Vis analysis was performed for the three samples to
check if there were changes in their optical properties. The transmittance spectra for the ITO samples annealed
at 250, 350 and 500 °C are presented in Figure 3.6- b). It can be observed that an increase in T results in an
increase in the transmittance spectra, especially in the IR zone, but also in a redshift. This behaviour can be
seen in a few studies, where the O, pressure during deposition was varied 31134136137 ‘and in the same study
by Kim et al.’3t, where it was concluded that the O, diffuses from the air during annealing, and that its con-
centration was higher for thermally degraded ITO films and increases with t, which indicates that it is the cause
for the increase in Rs. The O content in ITO’s crystalline network greatly influences the density of free carries,
which corresponds to the concentration of O, vacancies. With the diffusion of O into the network, the con-
centration of O, vacancies decreases, resulting in the decrease of density of free carriers and the absorption
coefficient.’® As a consequence, the transmittance will increase, especially in the IR region where the carriers
absorb more predominantly 33, which can be seen in Figure 3.6- b), but the Rs will also increase. Kim et al.*3!
concluded that the increase in ITO’s resistivity is due to two main phenomena, that are caused by O, diffusion.
Till 200 °C, the carrier concentration gradually decreases, and between 200 °C and 250 °C it decays abruptly,
while mobility stays approximately constant. Above 250 °C, there is a steep drop in the carriers’ mobility, but
it stabilizes at 275 °C, as well as the carrier concentration. The decrease in carrier concentration is due to the
diffusion of O atoms into interstitials and vacancies, and the decrease in carrier mobility is due to O, chemi-
sorption into grain boundaries. This behaviour explains all the tendencies seen before, presented in Table 3.4,
including the transitioning point at around 250 °C. To prevent the degradation of ITO’s electrical properties,
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the maximum thermal annealing T should be 250 °C, however, this decrease in T would shift the flattening
threshold to lower da, values, leading to smaller NPs, farther away from the desired size.
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Figure 3.6- a) X-ray diffraction analysis and b) transmittance spectra of bare ITO samples annealed at 250, 350, and 500 °C.

3.2.3 — Process Optimization- Decreasing ITO’s Roughness

The roughness of the substrate greatly affects the NPs obtained from thermal dewetting, as it was ex-
plained before. With a decrease in the ITO’s roughness, the flattening threshold shifts, allowing thicker films
to dewett and form larger and rounder NPs more distant from each other. The objective of this section is to
test how the decrease in ITO’s roughness impacts the NPs obtained through thermal dewetting.

To decrease its roughness, ITO’s surface was etched with two different plasmas, 112 s of CsFg, and
112 s of Cl,, with their respective SEM images in Figure A.2.6- a) and b). It was observed that Cl, plasma
etching did not etch ITO’s surface, however, the etching with C4Fg plasma reduced the surface roughness. To
confirm these visual results, the roughness of these samples was measured with AFM. These measurements
are presented in Table 3.5, as well as the sample’s Rs. It can be concluded that both etch processes reduced
ITO’s surface roughness by almost 1 nm, but the etch with Cl, plasma made the surface more uneven and non-
uniform, which is corroborated by a standard deviation of almost 1 nm. There is also the possibility that the
processes are also depositing by-products. To test this, cross section SEM images were taken of a reference
sample, a sample etched with C4Fs plasma, and a sample etched with Cl, plasma, and their ITO layer measured
309, 310 and 362 nm, respectively, confirming that there was deposition, probably of a non-conductive Teflon
like material. For the Cl, plasma, the thickness of this residual layer was considerable, causing the significant
increase in Rs. For the C4Fs plasma etching sample, the thickness of the ITO layer remained the same and the
Rs slightly increased, hinting that there was etching, but also deposition of an ultrathin ASL of a Teflon like
material, which can easily be removed. Furthermore, the C.Fs plasma etching is the best method to reduce the
roughness of ITO’s surface.

Table 3.5- Sheet resistance and roughness measurements for ITO samples etched with C4Fs and Cl2 plasma.

Sample Sheet resistance (/sq) Roughness (nm)
Average | Std. Dev. Average | Std. Dev.

Reference 3.92 0.02 6.4 0.1

C4Fg plasma etch 4.22 0.04 5.4 0.2

Cl, plasma etch 8.5 1.0 5.5 0.9

To test how the Ca4Fs plasma etching was affecting 1TO’s surface chemical properties, and to confirm
the deposition during the etching process, the SFE was determined right after the etch process. For the ITO
reference sample, it was 74.73 mJ/m?, and for the ITO sample after the CsFs plasma etch, it was 13.97 mJ/m?2.
With the decrease in roughness, it is expected a decrease in the SFE, since the surface area decreases.™*® How-
ever, the SFE decrease for the etched sample is very significant, so it cannot be attributed to the decrease in
roughness, but instead, it is probably due to the deposition of a thin ASL, as it was theorized before. Only the
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decrease in roughness is being studied in this section, so, for the upcoming tests with C4Fs plasma etched ITO,
the thin ASL was removed right after the etching process with a plasma of O, and Ar.

To test how the ITO’s surface etching with C4Fs plasma affects the final properties of the NPs’ array,
thermal dewetting was made at 350 °C for 2 h, for da,= 6 nm. The NPs obtained were analysed and compared
with the equivalent non-etched dewetting sample. Figure 3.7- a) and b) are SEM images of the unetched and
etched samples after thermal dewetting, respectively, and Table 3.6 shows the results from the ImageJ analysis
of the obtained NPs. It can be concluded, by comparing Figure 3.7- a) and b), that the C4Fs plasma etching of
the ITO’s surface allows for NPs with a larger r and a, resulting from the decrease in roughness, which is
expected, since this decrease allows the Au film to diffuse more freely and aggregate into larger islands. From
Table 3.6, besides the increase in the NPs’ average r and a, it can also be observed that the NPs become more
circular. All in all, the C4Fs plasma etching of ITO greatly improved the properties of the obtained NPs and
may be a step forward to the optlmlzatlon of the thermal dewettlng process of Au thin films on ITO.

Figure 3.7- SEM |mages of the NPs obtained after thermal dewetting of a 6 nm Au film, at 350 °C for 2 h .on a) normal ITO and b)
ITO etched with 112 s of C4Fs plasma.

Table 3.6- Results from the analysis of the SEM images of the NPs obtained after thermal dewetting at 350 °C for 2 h, of a 6 nm Au
film, on an un-etched ITO sample and an ITO sample etched with 112 s of CsFg plasma. NPs analysed with ImageJ software.

samole r (nm) Circularity a (hm) SC (%)

P Average | Std.dev. | Average | Std. dev. Average Average
Unetched 47 27 0.70 0.17 78 23.5
C4Fs etching 58 29 0.73 0.16 94 24.1

3.2.4 — Process Optimization- Preventing ITO’s Electrical Degradation

The main conclusion from the study from Section 3.2.2 is that the O, diffusion during the thermal an-
nealing process is what is causing the increase in ITO’s Rs. Furthermore, a possible solution is to change the
annealing atmosphere. Thermal annealing in a N2 atmosphere was done at 500 °C for 6 h, which is the maxi-
mum t studied, for a bare ITO sample and an ITO sample etched with CsFg plasma, to compare their Rs with
a bare 1TO sample annealed in air. The results are displayed in Table 3.7, and it can be concluded that the
thermal annealing in a N2 atmosphere successfully prevented the degradation of ITO’s electrical properties.

Table 3.7- Sheet resistance measurements for an 1TO sample annealed at 500 °C for 6 h in air, and for an ITO sample and a C4Fs
plasma etched ITO sample at 500 °C for 6 h in an N2 atmosphere.

sample Sheet resistance (£2/sq)
Average |  Std. dev.
Reference without annealing 3.87 0.02
Air atmosphere 194 0.2
Ny atmosphere 5.6 0.1
C4Fg plasma etched ITO in N, atmosphere 5.20 0.08

To test how the different annealing atmosphere influences the obtained NPs, thermal annealing in a N2
atmosphere was done at 500 °C for 2 h, for da,= 4 nm, deposited on ITO and on C.Fg plasma etched ITO, and
the SEM images of the obtained NPs are displayed in Figure A.2.7- a) and b), respectively. For comparison,
the same annealing was also done in an air atmosphere for the same dau, and the SEM image of the obtained
NPs are presented in Figure A.2.7- ¢). The analysis of the obtained NPs are displayed in Table 3.8. When
comparing the SEM images of the NPs obtained from the annealing in air with the ones obtained from the
annealing in N, atmosphere on un-etched ITO, the NPs from the latter appear to be closer to each other, leading
to a higher SC and lower NP’s a. In addition, the circularity of the NPs obtained in the N, atmosphere is also
lower. When comparing the two samples annealed in the N. atmosphere, it can be observed that the NPs
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obtained for the C.Fs plasma etched ITO are more circular, which is expected considering the previous results
from the plasma etched ITO samples.

Table 3.8- Results from the analysis of the SEM images of the NPs obtained after thermal dewetting at 500 °C for 2 h, of a 4 nm Au
film, for an ITO sample in air atmosphere, an ITO sample in N2 atmosphere, and an ITO sample etched with 112 s of C4Fg plasma in
N2 atmosphere. NPs analysed with ImageJ software.

samole r (nm) Circularity a (hm) SC (%)

P Average | Std.dev. | Average | Std.dev. | Average | Average
Air Unetched ITO 21 6 0.63 0.15 32 25.2
N, atmosphere Unetched !TO 21 7 0.55 0.17 25 30.7
C4Fs etching 22 5 0.70 0.10 27 29.9

From these results, it can be concluded that even though the thermal annealing in a N, atmosphere
significantly reduces the degradation of ITO’s electrical properties in comparison with annealing in air, the
NPs obtained have a lower a and are not as circular, which is not ideal. On the other hand, the thermal dewetting
in a N2 atmosphere of the Au film on a C4Fs plasma etched ITO, when compared with the non-etched ITO
counterpart, resulted in more circular NPs, but the decrease in SC and the increase in the NPs’ r previously
recorded is much less noticeable. Nonetheless, the dewetting in a N2 atmosphere, generally, results in a higher
SC, which is not desirable. All these conclusions reinforce the need for a new calibration study in order to
better understand the potential and limitations of the thermal dewetting process in a N, atmosphere.

3.3 —Periodic Array of NPs

Through the thermal dewetting process, random arrays of Au NPs were obtained, however, even if the
process was fully optimized, it would be impossible to obtain a uniform array of periodic NPs, since variation
in their geometrical properties is inherent to the process, meaning that the optical gains would be limited.
Therefore, a lithographic process based on NIL that allows the fabrication of a periodic square array of Au
NPs was developed and optimized. Initially, the whole process was tested for a larger pattern, with d= 400 nm
and p= 2000 nm, just to have a proof of concept - periodic NPs in a square array. Later, it was changed to the
smaller pattern, with d= 100 nm and p= 600 nm, to further optimize the arrays’ geometrical parameters.

The process started with the spin-coating of a 500 nm layer of LOR 5B and a 300 nm layer of TU7,
which are the lift-off and patterning resists, respectively, on a Si substrate. The STU-NIL was then performed
on the sample, with the d= 400 nm and p= 2000 nm pattern, and the residual resist layer had to be removed.
Different times of O strip were tested- 20, 23, 25 and 27 s- and to be able to visually check the effects of the
O strip, a development was made with AZ400K for 7 s. It is important to notice that the O strip process has
its own limitations, and at this scale it has some non-uniformity, which will become more apparent for the
smaller pattern. In addition, it etches the LOR faster than the TU7, so the control of this step is very important.
For the sample with 20 s of O, strip, there was no development, meaning that this process time was not enough
to remove all the residual layer and reach the LOR. For 23 s of O; strip, only some holes were developed, and
even then, some holes were more developed than others, which indicates that this process time is still not
enough and demonstrates the variability of the process. For 27 s of O, strip the LOR was fully developed and
the structure fell, indicating that the process etched the residual layer and the LOR underneath. The best O
strip time was 25 s, which was enough to reach the LOR and fully open the holes. This is proven by the
consistency in the development undercut, seen in the top view and cross section SEM images from Figure 3.8-
a) and b), respectively. The development can be considered isotropic around the holes, which is desirable. The
average hole’s size was 464 + 13 nm, and the average undercut was 446 + 23 nm. It can be concluded that
there was a slight increase in the hole’s size, which is probably caused by the O strip, and it is inevitable. In
these analyses, the average undercut is considered the average distance between the hole’s edge and the devel-
opment edge. Note that the process to determine the average undercut is done manually, so there is some
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uncertainty associated. In addition, when taking SEM images, charge can accumulate in the resist and cause it
to bend down, slightly increasing holes’ area and, consequently, decreasing the measured undercut.
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Figure 3.8- a) Top view and b) cross section SEM images of a sample after STU-NIL with a pattern with d= 400 nm and
p= 2000 nm, 25 s of Oz strip, and 7 s development with AZ400K.

Following the 25 s of O strip and the development, 100 nm of Au were deposited by evaporation, and
lift-off was made. SEM images were taken of the cross section after the Au deposition, Figure 3.9- a), and of
the top view of the NDs after the lift-off, Figure 3.9- b). From Figure 3.9- a), it can be observed that the
deposited NDs are not 100 nm thick, but instead approximately half, however, 100 nm are being deposited on
top of the TU7. In addition, the average NDs’ size was 997 £ 21 nm, which is more than double the average
hole’s size, meaning that they are depositing below the TU7 and probably on top of the LOR. This is confirmed
by Figure 3.9- b), where it can be observed that most of the NDs, after lift-off, were either broken, had their
edges bent upwards, or were completely removed from the substrate. These NDs are all preferentially bent or
broken in one direction, indicating that the Au is not being uniformly deposited around the hole, which is not
ideal. Besides this, all the NDs had a hole in the centre, which may be caused by the fact that the stage is
rotating during the deposition and is not directly below the source, creating a spot in the middle where less Au
is deposited. The hole in the centre of the NDs can favour the formation of more than 1 NP after thermal
dewetting, so it is an important issue to tackle.

To test if the deposition setup was what was causing the deposition problems, three samples were pre-
pared using the same methods till the development, and they were placed in three different deposition setups:
in the centre and border of the stage with rotation; underneath the Au source without rotation. By varying the
placement of the sample during deposition, it was tested if it influences how the Au is being deposited under-
neath the TU7, and by placing a sample right below the source, it was tested if the angle of deposition was
causing the hole in the middle of the NDs. The sample in the centre had unbroken NDs, but only near the
edges, and the sample close to the border of the stage had an inconsistent density of NDs, most of them broken
in half. The sample below the source had no NDs left. In addition, all the NDs were still hollow in the middle,
so this is also a deposition problem that cannot be avoided just by changing the setup. A more detailed analysis
of these tests is presented in Annex A.3, with the SEM images in Figure A.3.1.

It can be concluded that the thermally evaporated Au deposition does not work with the current process
parameters. Despite this, as a proof of concept, thermal dewetting was done for the sample placed in the centre
of the stage during Au deposition, at 800 °C for 2 h, and singular periodic NPs were obtained, as seen in Figure
3.9- ¢), however, these NPs are not very uniform nor spherical, so there is room for improvement. Also, some
NPs have smaller NPs around them, which may be caused by the discontinuity of some NDs near their edges.

sample after the lift-off. c) SEM image of the NPs obtained after thermal dewetting at 800 °C for 2 h, for 100 nm of evaporated Au.
To improve the verticality of the Au deposition, the next optimization step was to decrease the LOR’s
thickness. With a thinner lift-off resist, the Au atoms travel a smaller path to the Si substrate after going through
the hole, meaning that there is less room for them to deposit underneath the TU7. LOR 5B has a minimum
thickness of around 400 nm when spin-coated, so the lift-off resist was changed to LOR 1A. A calibration was
done for this resist, and the chosen thickness was 170 nm, that still allows for the lift-off after the Au deposi-
tion. The development of LOR 1A with AZ400K was not uniform between holes within the same sample, so
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the developer was changed to TMAH 2.2%. The sample fabrication process was done the same as before till
the 25 s of O strip, and development tests were conducted for the TMAH 2.2 %, varying the development
time- 10, 20, 25, and 30 s- and the undercut was measured. SEM images of the samples developed for 10, 20,
and 30 s are presented in Figure 3.10- a) to c), respectively. From these images, it can clearly be seen that the
increase in development time leads to a larger undercut. In addition, for the 30 s development time, the under-
cut limits are not as well defined, because there was too much development and the upper structure, TU7, fell,
S0 in these situations, the lift-off is not possible.

Figure 3.10- SEM images of samples after a) 10, b) 20, and c) 30 s of development with TMAH 2.2 %, for a pattern with d= 400 nm
and p=2000 nm.

The results from the development test are presented in the graph from Figure 3.11- a), in which 2 spots
were analysed for each sample. For the 30 s of development time, the point diverges from the general tendency
because the upper resist structure fell, so it was not considered for the fitting. The chosen development time
was 10 s, corresponding to 190 nm of undercut, and reproducibility tests were made for 6 samples, with the
results in the graph from Figure 3.11- b). In this graph, the average undercut is presented for each sample, with
the error bars corresponding to the standard deviation, and the overall average undercut presented as the blue
line. For 10 s development time, the average undercut is 173 £ 17 nm for an average hole’s diameter of
450 £ 37 nm. Since the LOR’s thickness is 170 nm, assuming that the etching is approximately isotropic, there
should not be any LOR left on the hole’s area. From the reproducibility tests it can be concluded that the whole
process is not uniform, with variation in the undercut, however, assuming that the Au deposition will be more
vertical, there should not be a considerable variation in the NDs’ size.
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Figure 3.11- a) Graph of undercut vs development time for the development tests with TMAH 2.2 %, for the pattern with d= 400 nm
and p=2000 nm. b) Results from the reproducibility tests for 10 s of development with TMAH 2.2 %, for the same pattern.

Following the 10 s of development with TMAH 2.2%, the Au NDs were deposited. Two deposition
methods were tested: PVD by evaporation and by sputtering. The sputtering deposition method was tested to
check if it could improve the Au deposition, since deposition by evaporation was not uniform and the deposited
NDs had a hole in the middle. For this test, 100 nm of Au were deposited with both deposition methods. Cross-
section SEM images of the samples with Au deposited by evaporation and by sputtering are presented in Figure
3.12- a) and b), respectively. Top view SEM images for the same samples are presented in Figure A.3.2- a)
and b), respectively, where it was observed that both Au films deposited have Au grains about the same size,
and their visual appearance is similar. For both the deposition methods, the hole in the middle of the NDs that
was seen earlier in Figure 3.9- b) is not present, which is already an improvement. The cross-section images
have clear differences. The decrease in the LOR’s thickness significantly improved the deposition of the evap-
orated Au inside the holes, with the thickness of the NDs now being around 130 nm, instead of 50 nm.
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Nonetheless, the deposited NDs have a volcano shape, with its edges deposited on top of the LOR, and with a
thickness superior to what was intended, which may be caused by a diffusional physical phenomenon resultant
from the Au entering the holes. On the contrary, the Au NDs deposited by sputtering have a pancake shape,
with a thickness around 30 nm in the centre that decreases towards the edges. The edges of these NDs are still
deposited on top of the LOR, and since they are very thin, they may be broken off during the lift-off process.

Figure 3.12- Cross section SEM images of samples after deposition of 1200 nm of Au by a) evaporation and by b) sputtering.

Lift-off procedure was then done on both samples with sputtered and evaporated Au. The sample with
evaporated Au had almost no NDs left after lift-off, confirming that they were deposited on top of the LOR.
However, the sample with sputtered Au still had most of the NDs. When the thicker LOR was being used, the
NDs deposited by evaporation were being deposited non-uniformly and had a hole in the middle. The thickness
of the LOR was decreased and, consequently, the hole in the middle of the NDs disappeared, however, there
was too much Au being deposited, leading to NDs with a volcano shape, that is harder to control and may lead
to difficult Au NPs’ size calibrations. For these reasons, the Au deposition by evaporation was substituted by
the sputtered Au, that deposits NDs with a more uniform shape.

Figure 3.13- a) is a SEM image of the sample with 100 nm of sputtered Au, after the lift-off. It can be
observed that almost all NDs deposited by sputtering have their edges broken or slightly bent after lift-off, and
are clearly larger than the hole’s size, which is 450 £ 37 nm, meaning that they were deposited underneath the
TU7 and on top of the LOR, but despite this, most of them were not removed. This may be caused by the fact
that the NDs are thinner and discontinuous near the edges, so instead of bending upwards, breaking, or being
completely removed, their discontinuous edges are just torn off or slightly lifted. This phenomenon is almost
impossible to avoid, and it will be recurrent throughout the optimization. In contrast with the earlier deposition
by evaporation, seen in Figure 3.9- b), where only part of the disc was being bent or broken in a preferential
direction, indicating an uneven deposition, in the case of the sputtered Au, the NDs are being evenly broken
and bent, which indicates that they are being evenly deposited around the centre, which is an improvement.

The next step was to calibrate the size of the obtained NPs after thermal dewetting as a function of the
sputtered Au thickness. The deposited Au thicknesses were 10, 15, 20, 25, 50, 75, and 100 nm. After the
deposition, lift-off was made for all samples, and they underwent thermal dewetting. The Au NDs, obtained
after lift-off, for 10, 25 and 50 nm of sputtered Au are presented in Figure 3.13- c) to e), respectively. The
SEM images for all the Au thicknesses studied are presented in Figure A.3.3. The sample with 50 nm of
sputtered Au serves as an example for the samples with 75 nm and 100 nm of sputtered Au, and Figure 3.13-
b) is a cross section of this sample. It can be observed, from Figure 3.13- ¢) to e), that with the increase in the
thickness of the deposited Au, there is a decrease in the discontinuity of the NDs. In addition, the quantity of
NDs that are bent also increases, because with an increasing thickness, instead of the edges just breaking during
lift-off, they stay attached to the inner part of the ND and bend upwards. The bent edges are more noticeable
in the NDs for the 50 nm Au deposition, from Figure 3.13- b) and e). It can also be observed that, the discon-
tinuity of the film grows around the centre of the ND, which is caused by its shape, that is thicker in the middle.

The Au NPs, obtained after thermal dewetting, for 10, 25, and 50 nm of sputtered Au are presented in
Figure 3.13- f) to h), respectively. The SEM images of the NPs for all the studied sputtered Au thicknesses are
presented in Figure A.3.4. It can be observed that, for the Au thicknesses of 10 to 25 nm, one larger NP forms
in the middle and smaller NPs form around it. These smaller NPs are not desirable, because when NPs are too
close to each other, their resonance is affected, so even if the middle NP has the desired r for the desired
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resonance, its resonance would not be what was expected. For this reason, the samples that formed more than
one NP cannot be used. Nonetheless, it is also observed that, with an increase in the thickness of the deposited
Au, from 10 to 25 nm, there was an increase in the r of the middle NP, and the quantity and size of the
surrounding NPs decrease. This can be attributed to the decrease of the NDs’ discontinuity with the increase
in the thickness of the deposited Au. For the Au thickness of 50-100 nm, only one NP was formed, and gener-
ally, there is an increase in NPs’ r with the increase in the thickness of the deposited Au.

R @)
Figure 3.13- Top view SEM images of the Au NDs after lift-off, for a sputtered Au thickness of c) 10, d) 25, €) 50 and a) 100 nm.
Top view SEM images of the Au NPs after thermal dewetting at 800 °C for 2 h, for a sputtered Au thickness of f) 10, g) 25, and
h) 50 nm. b) Cross section SEM image of the NDs after lift-off, for a sputtered Au thickness of 50 nm.

The results that correlate the sputtered Au thickness with the final NPs’ r, are in the graph from Figure
A.3.5. It was concluded that the correlation between the deposited Au thickness and the average NPs’ r is not
linear. From 10 nm to 25 nm of deposited Au, more than one NP is being formed, so the behaviour of the curve
in this section is different, and these NPs should not be considered. Between 25 nm and 50 nm of deposited
Au thickness, there is a point where only one NP starts to form, but even after this section of the curve, the
behaviour is still not close to linear, and the variation of the NPs’ r in the same sample is considerable. The
development method may be causing a significant variation in this process, mainly because it is done manually,
so the time interval that the sample is inside the developer slightly varies from sample to sample. Also, the
development time that is being used is only 10 s, meaning that these small variations in the process time have
a much larger impact. A variation in the undercut leads to a variation in the NDs’ size, that also depends on
how much of the ND is deposited on top of the LOR, leading to variation of the obtained NPs. Thus, the next
step to improve the reproducibility of this process is to decrease the dilution ratio of the developer, increasing
the development time and the control of the process. The average NPs’ r for the 50 nm of deposited Au thick-
ness, that is the point where only one NP starts to form, is 153 £ 17 nm, which is still much larger than the
intended r, which is 80 nm. Furthermore, a smaller pattern is also needed.

The next optimization steps were to decrease the concentration of the TMAH to 1.5 % V/V, and to
change the pattern to a smaller one with a periodic square array with d= 100 nm and p= 600 nm. O; strip tests
were firstly done, because with the decrease in the size of the pattern, the way that the etching is done on the
residual resist layer may vary. Two O, strip times were tested- 25 and 27 s- and the 25 s process was not
enough to fully open the holes like before, so it was changed to 27 s. The whole sample fabrication process
was done exactly the same up until the 27 s O; strip, and development tests were made for TMAH 1.5 %,
varying the development time- 50, 60, 70, and 80 s- and the results are displayed in the graph from Figure
3.14- a), where the development time is correlated with the average undercut, with the error bars showing the
standard deviation. The holes’ diameter was also measured for all the samples, and the average value is
252 £ 11 nm, which is way larger than the intended diameter, 100 nm. Similar to the larger pattern, the O strip
process is enlarging the holes, which is inevitable, but for this smaller pattern, it is much more noticeable. The
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reason for this is that the residual layer is much more confined, but its thickness is the same as the larger
pattern. This means that the O ions that are etching the residual layer are much more likely to also etch the
side walls of the holes and widen them. From Figure 3.14- a), it can be observed that curve is approximately
linear till 70 s of development time and stagnates after that. This can be explained by the fact that, after 70 s
of development time, the undercut around the holes is almost joining the four nearby undercuts. In fact, for the
85 s development time, the upper resist, TU7, is almost falling. It is also important to notice that all these
analysed samples showed some variation in the undercut, represented by the error bars, which will result in
variations in the sputtered NDs and in the final NPs’ size. Considering the fitting from Figure 3.14- a), and
that an undercut of around 130 nm is desirable, the chosen development time was 59 s.

More thorough reproducibility tests were made for 4 samples, for 59 s of development time, and 5 spots
were analysed for each sample. The results are displayed in the graph from Figure 3.14- b), in which the red
dot corresponds to the average undercut for all the analysed holes in each sample, the blue line at 139 £ 13 nm
corresponds to the average undercut for all the holes analysed, and the 5 black dots correspond to the average
undercut for each analysed spot in the sample. The average undercut for this test is slightly higher than the
intended 130 nm, but it is expected because of all the variation in the process. The average holes’ size is
276 £ 11 nm, which is also higher than the previously measured value. Between samples, the variation of the
average undercut value is relatively small, however, the variation of the average undercut between spots inside
the same sample is considerably high. This indicates that, at this scale, the process is starting to lose its repro-
ducibility, with variability in the O, strip and development steps, especially within the same sample, which
will consequently lead to variability in the NDs’ size after the lift-off, and in the final NPs’ size.
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Figure 3.14- a) TMAH 1.5 % development tests and b) reproducibility tests for 59 s, for the pattern with d= 100 nm and p= 600 nm.
Au deposition tests were made for the chosen development time, 59 s, for different sputtered Au thick-
nesses- 40, 50, 60, 70, 80, and 90 nm- followed by the lift-off. As expected, the variation of the undercut within
the same sample lead to a considerable variation in the NDs’ size, which can be seen, for example, in Figure
3.15- a) and b), that are SEM images of 2 different spots in the same sample, for 70 nm of sputtered Au. In
addition, the edges of the NDs are still lifted and bent upwards, and some of them are even broken, which
causes even more variability. The reduction in the size of the pattern also caused the NDs to be discontinuous
in the middle, again.
The samples were then dewetted at 800 °C for 2 h, and the obtained NPs were analysed for 5 different
spots in each sample, to determine the NPs’ r and circularity. SEM images of the NPs obtained for 40 and 90
nm of sputtered Au are displayed in Figure 3.15- ¢) and d). SEM images for the remaining sputtered Au
thicknesses are presented in Figure A.3.6. The NDs from the samples with 40, Figure 3.15- ¢), 50 and 60 nm
of sputtered Au thickness formed multiple NPs with different sizes, so they were not considered for this anal-
ysis. The results for the analysis of the obtained NPs are displayed in Table 3.9. The samples with 70 and
80 nm of sputtered Au thickness had some NDs form two NPs in some zones, so only the spots where a single
NP was formed were considered. This may be caused by the discontinuity of the ND’s centre, promoting the
formation of two NPs instead of one. The singular NPs in the sample with 70 nm of sputtered Au thickness
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had smaller NPs around them that were not measured, but are still affecting the central NP’s resonance, and if
these smaller NPs had aggregated to the central one during dewetting, it would change the average NPs’ r. For
these reasons, the analysis for this sample is the least accurate of the three, and it was only used to serve as
comparison. As a general trend, it can be concluded that, as the sputtered Au thickness increases, so does the
average NPs’ r, as expected, and the corresponding standard deviation. The discontinuity in the centre of the
NDs means that the Au is predominantly being deposited around the centre, so a large quantity of Au is de-
posited on top of the LOR and later broken or bent. With an increase in the thickness of the deposited Au,
more Au is being deposited on top of the LOR and broken off, which also depends on the variation of the
undercut, and will ultimately cause a higher variation in the final NPs’ r. This also explains why the increase
in the NPs’ r with the increase in thickness of the deposited Au is so small- part of the additional deposited Au
is being broken-off during lift-off. Nonetheless, the circularity of the NPs is uniform between samples, but it
is being hindered by the discontinuity of the Au NDs’ centre.
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Figure 3.15- a) and b) are SEM images of NDs for two different spots on the same sample after lift-off, for 70 nm of deposited Au.
SEM images of the NPs obtained after thermal dewetting at 800 °C 2h, for the small pattern, for ¢) 40 and d) 90 nm of deposited Au.

Table 3.9- Results from the analysis of the SEM images for 70, 80 and 90 nm of sputtered Au, for the small pattern with d= 100 nm
and p=600 nm.

Au thickness r (nm) Circularity
(nm) Average | St. deviation | Average | St. deviation
70 109 10 0.89 0.05
80 111 12 0.85 0.04
90 116 15 0.85 0.04

From the FDTD numerical simulations, it was concluded that the optimum NPs array’s geometrical
properties were r= 80 nm, a= 150 nm, SC= 20.92 %. The sample that formed singular NPs and that was closer
to meet these parameters correspond to a sputtered Au thickness of 80 nm, originating NPs with r= 111 nm,
a= 178 nm, SC= 24.2 %, which are still far from the optimum geometrical parameters’ values. To reach the
desired NP’s r and a, the process would have to be scaled down even more, and, as it was demonstrated, at
this nanometric scale, it loses resolution, affecting reproducibility.
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4

CONCLUSIONS AND FUTURE PERSPECTIVES

The objective of this Thesis was to design transparent plasmonic substrates to be implemented in ul-
trathin CIGS BFSCs, as a rear light management strategy, consisting of periodic Au NPs on ITO encapsulated
with a dielectric material that scatter incoming light, increasing the optical path length inside the absorber.

FDTD simulations, for FI and RI, were performed to find the best materials and architecture for the NPs
array and passivation layer, that maximize the Jsc in ultrathin CIGS BFSCs. The parameters varied were the
NPs’ r and a, the dpass, and the NPs and passivation materials. For Fi and RI, the NPs’ architectures with
dpass= 10 nm, generally have a larger maximum Jsc, when comparing with architectures with thicker dpass val-
ues. Also, when comparing architectures with Au and Ag NPs, for the same encapsulation material and dpass,
the Ag NPs architectures originate a larger AJsc. A compromise between FI and Rl was made, and the best
combinations of materials and parameters were Au NPs with r= 80 nm, a= 150 nm, SC= 20.92 %, dpass= 10 nm
of TiO2, Alsc.overai= 1.87 mA/cm?, and Ag NPs with the same architecture, with AJsc overai= 2.24 mA/cm?. The
compromise between Fl and RI can be further optimized with a defined application for the solar modules,
which allows to determine a more accurate model that better represents the optical phenomena. Further studies
with varying angle of light incidence can also improve the optimization of the periodic array of metallic NPs.

Thermal dewetting was studied and optimized to address its feasibility in the fabrication of a random
array of Au NPs on ITO substrates with the desired geometrical parameters, by varying the process T, t, and
the dau. It was concluded that, for da, values above the percolation limit, the Au thin film flattens instead of
forming NPs, which is mainly caused by ITO’s relatively high roughness. From the dewetting at 500 °C, t= 2 h,
for da= 7.5 nm, NPs with r=66.5 nm, a= 110 nm, SC= 23.4 %, with a circularity of 0.77, were obtained,
which are still far from the optimum geometrical parameters. Therefore, ITO’s roughness was reduced in ap-
proximately 1 nm with a C4Fg plasma, resulting in NPs with a higher r, a, and circularity, in comparison to an
un-etched sample. It was also observed that ITO’s Rs increased with T, which was determined to be caused by
O diffusion during annealing, so, the thermal annealing’s atmosphere was changed to N, which successfully
prevented the degradation of ITO’s electrical properties. The etching of ITO’s surface and the annealing in an
N, atmosphere may be a step forward to the optimization of the thermal dewetting of Au thin films on ITO.

A lithographic process based on NIL that allows the fabrication of a periodic square array of Au NPs
was studied, to obtain a proof of concept. Optimization was done at the different process stages and the final
parameters were: pattern with d= 100 nm and p= 400 nm; 170 nm of LOR 1A; 300 nm of TU7; 27 s of O, strip
after STU-NIL; 59 s of TMAH 1.5 % development. NPs with r= 111 nm, a= 178 nm, SC= 24.2 %, correspond-
ing to da,= 80 nm, were obtained, which are still far from the optimum geometrical parameters’ values. To
reach the desired NP’s r and a, the process would have to be scaled down even more, and, at this nanometric
scale, it starts to lose resolution, affecting reproducibility and leading to a high variation in the NPs size.

Summarizing, an optimized architecture for a periodic square array of metallic NPs to be implemented
in an ultrathin CIGS BFSC was determined through optical simulations, and two different approaches were
studied to obtain NPs with the desired r. Many optimizations were done throughout the experimental sections
of this Thesis to overcome the detected process issues, and a proof of concept was obtained. Nonetheless, there
are still improvements that need to be made in order to obtain NPs with the optimum architecture - thermal
dewetting on ITO in an N, atmosphere needs to be thoroughly studied, and there is also the need for innovative

31



new approaches for the lithographic process, in order to overcome process limits and obtain smaller NPs. The
work done in this Thesis shows great potential and it is the first step for the implementation of plasmonic NPs
in ultrathin CIGS BFSC, and for this technology to be competitive in the PV market.
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APPENDIX

A.1 FDTD Optical Simulations- Parameter sweeps

Figure A.1.1 is a representation of the scattering effect of metallic NPs implemented at the Mo/CIGS
interface of a conventional ultrathin CIGS solar cell. Figure A.1.2 is the FDTD optical simulations setup for
the resonance study on a NP in a periodic array. The simulated AJsc colour maps for FI and RI, as a function
of NPs’ radius and interdistance, for all the studied material combinations, and for 10, 15 and 20 nm of pas-
sivation thickness, are presented: Figure A.1.3 corresponds to the AJsc colour maps for Au NPs encapsulated
with Al,Os; Figure A.1.4 to Au NPs encapsulated with HfO»; Figure A.1.5 to Au NPs encapsulated with TiO;
for RI; Figure A.1.6 to Ag NPs encapsulated with SiO»; Figure A.1.7 to Ag NPs encapsulated with Al>Og;
Figure A.1.8 to Ag NPs encapsulated with HfO2; Figure A.1.9 to Ag NPs encapsulated with TiO,. The best
geometrical parameters for all the studied material combinations, for 10, 15 and 20 nm of passivation thickness,
are presented in Table A.1.10 for Fl and RI, and in Table A.1.11 for a compromise between both illuminations,
using the established FoM. In Figure A.1.12, the simulated and theoretical Mie scattering and absorption effi-
ciency spectra for 1 Au NP with r= 80 nm, in a medium with n= 1, for a mesh size of 0.4 and 1.5 nm, are
displayed.

MgF,
AZO
— ——

~ N -~

// \\/,- -\\

O Passivated NP

SLG

Figure A.1.1- Representation of the scattering effect of metallic NPs implemented at the Mo/CIGS interface of a conven-
tional ultrathin CIGS solar cell.
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Figure A.1.2- FDTD optical simulations setup for the resonance study of a NP in a periodic square array.
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Table A.1.10- Best geometrical parameters for all the studied material combinations, for Fl and RI, for 10, 15 and 20 nm of passivation
thickness, with the corresponding Jsc. The Jsc of an ultrathin CIGS solar cell is 26.56 mA/cm? for FI, and 24.35 mA/cm? for RI.

Combination Upass = 10 nm Opass = 15 nm dpass = 20 nm
(NP/Passivation) Bestr | Besta Jsc Bestr | Besta Jsc Bestr | Besta Jsc
(nm) (nm) | (mA/cm?) | (nm) (nm) | (mA/cm?) | (nm) (nm) | (mA/cm?)
AU/SiO; 80 150 27.60 80 200 27.39 70 25 27.46
AU/Al,O3 80 150 27.79 80 175 27.57 65 25 27.55
Au/HfO; 80 125 27.93 80 125 27.70 55 25 27.64
AU/TIO, 80 125 28.70 80 125 28.63 80 125 28.51
Fl -
Ag/SiO; 80 125 27.65 80 200 2741 70 25 27.49
Ag/Al;O3 80 175 27.88 80 175 27.60 65 25 27.60
Ag/HfO; 80 150 28.03 80 175 27.77 60 25 27.62
Ag/TiO; 80 125 28.92 80 125 28.87 80 125 28.74
AU/SiO; 65 250 23.11 35 250 22.90 35 250 22.77
Au/Al;O3 65 250 23.33 70 250 22.96 35 250 22.48
AU/HfO; 60 250 23.48 70 250 23.16 35 250 22.82
RI AU/TIO; 60 250 24.35 55 250 24.37 55 250 24.35
Ag/SiO; 80 225 23.45 35 250 23.10 35 250 23.02
Ag/Al;O3 75 200 23.73 70 250 23.38 75 250 23.03
Ag/HfO; 75 225 23.86 70 225 23.69 80 225 23.30
AQ/TiO; 80 225 24.79 65 250 24,75 60 250 24.81

Table A.1.11- Best overall geometrical parameters for all the studied material combinations, for 10, 15, and 20 nm of passivation
thickness, with the corresponding AJsc.

— dpass = 10 nm dpass = 15 nm dpass = 20 nm
(N%cjlgnazls?\?:tci)gn) Bestr | Besta | AJscoveran | Bestr | Besta | AlJscoveran | Bestr | Besta | Adscoveral
(nm) | (hm) | (mA/cm?) | (nm) (hm) | (mA/cm?) | (nm) (nm) | (mA/cm?)
Au/SiO; 10 7 0.776 10 8 0.518 10 8 0.269
Au/Al,O5 10 7 0.955 10 8 0.730 10 8 0.565
F AU/HfO, 10 7 1.026 10 7 0.829 10 8 0.665
+ AU/TIO, 10 6 1.873 10 6 1.728 10 6 1.611
RI Ag/SiO; 9 8 0.815 10 8 0.629 10 8 0.328
Ag/Al,O5 10 7 1.217 10 7 0.850 10 8 0.691
Ag/HfO; 10 7 1.366 10 7 1.075 10 8 0.877
AQ/TiO, 10 6 2.244 10 6 2.113 10 6 1.978

The validation of the simulations model for the resonance study could not be done with 9 NPs because
of memory limitations. Furthermore, a singular NP was used for the validation, and the smaller mesh size that
could be used without exceeding the memory limitations was 0.4 nm. The simulated Mie scattering and ab-
sorption efficiency spectra obtained for this setup, in a medium with n= 1, are presented in Figure A.1.12- a)
and b), respectively, with the corresponding spectrum from the Mie theory. It can be observed that the simu-
lated spectra practically overlap with the spectra from the Mie theory, validating this simulations’ setup. How-
ever, a 0.4 nm mesh size could not be used in the setup with 9 NPs used for the resonance study without
exceeding the memory limits, so it had to be increased to 1.5 nm. The Mie scattering and absorption efficiency
spectra obtained for a single NP, with a mesh size of 1.5 nm, in a medium with n= 1, are presented in Figure
A.1.12- ¢) and d), respectively. It can be observed that the simulated spectra lost accuracy with the increase in
the mesh size, as expected, especially in the absorption efficiency spectrum. However, this difference between
the simulated and theoretical curves is minimal at the resonance peak wavelength values and should not affect
the conclusions taken when comparing the resonance of the different NPs.
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Figure A.1.12- Simulated and theoretical Mie a) scattering and b) absorption efficiency spectra for 1 Au NP with r= 80 nm, in a me-
dium with n= 1, with a mesh size of 0.4 nm. Simulated and theoretical Mie c) scattering and d) absorption efficiency spectra for the
same setup, but with a mesh size of 1.5 nm.

A.2 Random Array of NPs

SEM images of Au NPs on ITO, obtained for thermal dewetting at 500 °C, for t= 2, 4 and 6 h, and for
das=2.5,5,7.5,10 and 12.5 nm, are presented here: Figure A.2.1- a), b), and c) correspond to da,= 2.5 nm, for
t= 2, 4, and 6 h, respectively; Figure A.2.1- d), e), and f) correspond to da,= 5 nm, for t= 2, 4, and 6 h, respec-
tively; Figure A.2.1- g), h), and i) correspond to da,= 7.5 nm, for t= 2, 4 and 6 h, respectively; Figure A.2.1-
j), K), and ) correspond to da,= 10 nm, for t= 2, 4 and 6 h, respectively; Figure A.2.1- m), n), and o) correspond
to da= 12.5 nm, for t= 2, 4 and 6 h, respectively. SEM images of Au NPs on ITO, obtained for thermal
dewetting at 350 °C, for t= 2, 4 and 6 h, and for da,= 2.5, 5, 7.5, 10 and 12.5 nm, are also presented here: Figure
A.2.2- a), b), and ¢) correspond to da,= 2.5 nm, for t= 2, 4, and 6 h, respectively; Figure A.2.2- d), e), and f)
correspond to da,= 3 nm, for t= 2, 4, and 6 h, respectively; Figure A.2.2- g), h), and i) correspond to da,= 4 nm,
for t= 2, 4, and 6 h, respectively; Figure A.2.2- j), k), and 1) correspond to da,=5 nm, for t= 2, 4, and 6 h,
respectively; Figure A.2.2- m), n), and o) correspond to da,= 7.5 nm, for t= 2, 4, and 6 h, respectively. Figure
A.2.3 are SEM images of a) bare ITO and ITO with da,=b) 5 and ¢) 10 nm. Table A.2.4 presents the analysis
of the SEM images of the NPs obtained after thermal dewetting, for 350 and 500 °C and for t=2, 4 and 6 h,
for the studied dau values. The calculated surface free energy for the ITO reference sample annealed at 350
and 500 °C, for t= 2, 4, and 6 h, are displayed in Table A.2.5. Figure A.2.6 are SEM images of ITO after 112 s
of a) CsFg and b) Cl, plasma etching. Figure A.2.7 are SEM images of the NPs obtained after thermal dewetting
of a4 nm Au film, at 500 °C for 2 h, for: a) ITO in N2 atmosphere; b) ITO etched with 112 s of C4Fs plasma
in N2 atmosphere; ¢) ITO in air.
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Figure A.2.1- SEM images of Au NPs on ITO, obtained after thermal dewetting at 500 °C: for dav= 2.5 nm, for t=a) 2, b) 4 and

c) 6 h; for dau="5 nm, for t=d) 2, €) 4, and f) 6 h; for dav= 7.5 nm, for t=g) 2, h) 4, and i) 6 h; for dau= 10 nm, for t=j) 2, k) 4, and
1) 6 h; for dav=12.5 nm, for t=m) 2, n) 4, and 0) 6 h.

42



s of Au NPs on ITO, obtained after thermal dewetting at 350 °C: for dau= 2.5 nm, for t=a) 2, b) 4
¢) 6 h.; for dau=3 nm, for t=d) 2, e) 4, and f) 6 h; for das=4 nm, fort=g) 2, h) 4, and i) 6 h; 5 nm, for t=j) 2, k) 4, and
1) 6 h; for dau= 7.5 nm, for t=m) 2, n) 4, and 0) 6

e A.2.3- SEM images of a




Table A.2.4- Results from the analysis of the SEM images of the NPs obtained after thermal dewetting, for 350 and 500 °C and for
t=2, 4 and 6 h, for different dau values. ImageJ software was used to analyse the NPs.

‘ . _ NP's a Surface
TCC) | th) | das (m) NPs' r (hm) Circularity (nm) CO\(/(;)r)age
Average | Std. Dev. | Average | Std. Dev. Average Average
25 17 4 0.72 0.13 27 25.1
2 5 41 19 0.72 0.18 65 24.6
7.5 66 39 0.77 0.20 110 234
25 17 4 0.75 0.11 26 24.8
500 4 5 43 17 0.77 0.13 78 21.7
7.5 58 44 0.60 0.22 109 21.0
25 16 4 0.70 0.11 27 23.2
6 5 39 15 0.81 0.12 66 23.1
7.5 54 41 0.72 0.17 95 22.1
25 18 5 0.55 0.13 26 27.0
2 3 21 6 0.69 0.14 32 26.0
4 29 11 0.67 0.15 45 25.4
5 44 20 0.68 0.16 67 25.6
25 18 5 0.71 0.13 24 28.6
350 4 3 23 7 0.70 0.13 32 27.3
4 32 12 0.75 0.17 50 25.0
5 51 26 0.67 0.21 79 24.9
25 18 5 0.52 0.13 24 28.5
6 3 23 7 0.72 0.13 33 26.9
4 32 13 0.76 0.17 51 24.6
5 44 20 0.72 0.18 71 24.1
Table A.2.5- Calculated surface free energy for bare ITO samples annealed at 350 and 500 °C, for 2, 4, and 6 h.
Surface Free Energy (mJ/m?)
Annealing Temperature (°c)/ ) 4 6 Reference
Time (h)
350 74.3 74.4 75.2
74.7
500 74.6 74.5 74.9

atmosphere; b) ITO etched with 112 s of C4Fs plasma in N2 atmosphere; ITO in air.
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A.3 Periodic Array of NPs

The fabrication procedure of both master stamps is the same, and it starts by cleaning a Si substrate with
a standard procedure acetone, IPA and deionized water, defined above. Then, a 150 nm SiO; layer was depos-
ited by PECVD (30 W, 13.56 MHz plasma with 1420 sccm N,O, 10 sccm SiHa4, and 392 sccm N2 flow, per-
formed at 200 °C on a SPTS MPX CVD system) and primed with HMDS at 150 °C for 300 s in the Vapour
Prime YES-310TA oven. Then, it was coated with 200 nm of ARN 7250.18 diluted in AR 300-12, in 1:1
weight ratio, at 2750 rpm, and baked at 85 °C for 60 s. Electron Beam Lithography was then performed on the
resist, using the Vistec EBPG 5200 system, with a dose of 11565 pC/cm?, to create a square array of holes
with the desired geometrical dimensions. The exposed resist was then baked at 85 °C for 120 s, followed by
development with TMAH for 60 s, revealing the pattern. The exposed SiO; was lastly etched with RIE (2000
W, 13.56 MHz plasma with 50 sccm C4Fgs and 30 sccm H; flow, performed at 0 °C 5 mTorr in a SPTS APS
system) for 30 s. The remaining resist was stripped with an O, plasma ashing (500 W 2.45 GHz plasma with
600 sccm O, and 50 sccm Ar flow, performed on the PVA Tepla Gigabatch 360M system), obtaining the
patterned SiO;, that will serve as the master stamp.

In the initial Au deposition tests by evaporation, the NDs were non-homogenous, broken in a preferen-
cial direction, and had a hole in the middle. To test if the deposition setup was what was causing these///
deposition problems, three samples were prepared using the same methods till the development, and they were
placed in three different deposition setups: sample A was placed in the centre of the stage and sample B was
placed on the edge of the stage, both with the stage rotating during deposition; sample C was placed as much
as possible underneath the resistive boat, and the stage was not rotating during deposition. By varying the
placement of the sample during deposition, it was tested if it influences how the Au is being deposited under-
neath the TU7, and by placing a sample right below the source, it was tested if the angle of deposition was
causing the hole in the middle of the NDs. SEM images of samples A, B and C are presented in Figure A.3.1-
a), b) and c), respectively. Sample A appears to have a high density of discs, but it only had discs near the
borders, with the centre being depleted. However, these discs appear to not have their edges bent or to be
broken. Most NDs from sample B were broken in half, indicating that only part of the discs was being deposited
on top of the LOR. In addition, the density of NDs was inconsistent throughout the sample, meaning that in
some zones, instead of the NDs being broken in half, they were just completely removed. Besides this, there
is a clear side preference for deposition, which is the side where more Au was being deposited on top of the
LOR and it was broken off. Sample C had practically no NDs, with some random large patches of resist and
Au that were not removed during the lift-off, most probably because the Au was completely filling the hole
and the developer could not get in. All the samples still had the hole in the middle, so this is also a deposition
problem that cannot be avoided just by changing the setup.

9

Figure A.3.1- SEM images of samples after lift-off, for 100 nm of deposited Au by evaporation, with three different setups: a) sam-
ple in the centre with stage rotating; b) sample near the edge with the stage rotating; c) sample below the source without stage rota-
tion.
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Figure A.3.2- a) and b) are top-view SEM images of 100 nm of evaporated and sputtered Au respec-
tively, for the larger pattern with d= 400 nm and p=2000 nm, LOR1A with 170 nm thickness as the lift-off
resist, and TMAH 2.2% as the developer. Figure A.3.3-a), b), ¢), d), e), f) and g) are SEM images of Au NDs,
obtained after lift-off, for 10, 15, 20, 25, 50, 75 and 100 nm of sputtered Au, respectively, for the same setup.
Figure A.3.4- a), b), c), d), ), f) and g) are SEM images of Au NPs, obtained after thermal dewetting at 800 °C
for 2 h, for 10, 15, 20, 25, 50, 75 and 100 nm of sputtered Au, respectively, for the same setup, and Figure
A.3.5 corresponds to the correlation between the thickness of the deposited Au with the NPs’ radius. Figure
A.3.6- a), b, ¢), d), e), and f), are SEM images of the Au NPs obtained after thermal dewetting at 800 °C for
2 h, for a sputtered Au thickness of 40, 50, 60, 70, 80, and 90 nm, respectively, for the smaller pattern with
d=100 nm and p=600 nm, LOR1A with 170 nm thickness as the lift-off resist, and TMAH 1.5 % as the
developer.

Figure A.3.2- Top view SEM images of samples after deposition of 100 nm of Au by a) evaporation and by b) sputtering, for the
pattern with d= 400 nm and p=2000 nm.

Figure A.3.3- SEM images of the Au NDs, obtained after lift-off, for a) 10, b) 15, c) 20, d) 25, e) 50, f) 75 and g) 100 nm of sputtered
Awu, for the pattern with d= 400 nm and p=2000 nm.
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Figure A.3.4- SEM images of the Au NDs, obtained after thermal dewetting at 800 °C for 2 h, for a) 10, b) 15, c) 20, d) 25, €) 50, f)
75 and g) 100 nm of sputtered Au, for the pattern with d= 400 nm and p=2000 nm.
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Figure A.3.5- Correlation between initial Au film thickness and final NPs’ average r, for the pattern with d= 400 nm and p=2000 nm.
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Figure A.3.6- SEM images of the Au NPs obtained after thermal dewetting at 800 °C for 2 h, for a sputtered Au thickness of a) 40, b

50, c) 60, d) 70, e) 80, and f) 90 nm, for the pattern with d= 100 nm and p=600 nm

A.4 Dissemination
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