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“Nothing is created, nothing is destroyed,
everything is transformed.”

Antoine Laurent Lavoisier, Traité Elémentaire de
Chimie, 1789.

“One can never know with perfect accuracy
both of those two important factors which
determine the movement of one of the
smallest particles - its position and its
velocity. It is impossible to determine
accurately both the position and the
direction and speed of a particle at the
same instant.”

Werner Karl Heisenberg, Die Physik der
Atomkerne, 1952.

“There's Plenty of Room at the Bottom.”

Richard Phillips Feynman, An Invitation to Enter
a New Field of Physics, 1959.
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Extended Abstract

The ability to build up cheap multifunctional devices envisages the possibility of a large
dissemination of new technologies to improve the quality of life, worldwide. Among the
requirements to hit the target of multi-functionality, multi scale-porosity is an increasingly
strategic property for inorganic materials to provide simultaneous sensitivity to light,
liquids, gases, complex molecules or hybrid counterparts. The control of porosity mainly in
terms of size (from meso to nano) and arrangement (random vs. ordered, monodimensional
vs. hierarchical) is thus a key cornerstone for the actual design and fabrication of functional
devices. In order to join and simultaneously cover different fields, new material
architectures with transversal empowering are required.

Porous TiOz2 is currently applied for energy, health and environment purposes. Among
the others, TiO2-based 1D nanostructures are especially appealing since they usually expose
large active facets with good mechanical and surface-related performances, and high
electrical conductivity. All those properties enrich 1D-TiOz architectures to be efficiently
used as scaffold for Dye and Perovskites Solar Cells, anodes for Li batteries, electrodes for
water splitting devices, materials for biosensors detecting DNA or glucose, scaffold for gas
sensing or photo-catalysis.

Framed in this context, the main purpose of the Ph.D. thesis was designing new low-
dimensional TiOz-structures through a high-throughput method which is up-scalable,
contaminant-free, implementable on low cost substrates and eco-compatible in terms of
waste reduction and material saving. The process is described in details and the produced
materials investigated from different point of views, comprising structure, optical behavior,
interface engineering, surfaces functionalization, electrical response under illumination. A
plethora of techniques some of which recently developed, are used to disentangle the
different properties.

The newly-conceived material, we called gig-lox TiOz, was integrated as scaffold in
hybrid technologies for solar energy conversion into electricity by exploiting approaches
beyond-silicon: namely, Dye Sensitized Solar Cells (DSC) and Perovskite Solar Cells (PSC).

DSCs compete with silicon for Integrated Building Photovoltaics and flexible/wearable

—
1




Newly-Designed Spongy TiO: Layers by Modified Sputtering Methods for Hybrid PhotoVoltaics

Ph.D. Thesis - Salvatore Sanzaro

devices; whilst PSCs are attractive for two-level tandem with silicon solar cells that prospects
efficiency improvement over 30%.

There is a general consensus, supported by the explosion of publications in the field
during the last 8 years, that Hybrid Solar Cell technologies can breathe new life by their
capillary distribution in a complementary way to silicon solar panels and plants already
installed all over the world, at price competitively low (<0.5$/Wp).

To open up new opportunities for high-performance and high-throughput hybrid solar
cells, the outcome of the Ph.D thesis is: 1) a new strategy enabling sputtering-based method
to grow spongy-TiOz architectures with fine control over porosity in the meso- to nano-scale;
2) providing proofs-of-concept on the material use in DSC and PSC devices; 3) demonstrating
the transversal empowering of the material through its application in gas sensing devices.

We conclude that our gig-lox TiOz material opens a reliable perspective to integrate

different functionalities on a shared platform for multipurpose devices.

The Ph.D. thesis is organized in four chapters.

The first chapter is an overview on renewable energies solutions and perspectives to
counteract the climate change, with special focus on the clean energy provided by the sun.
In the context of the photovoltaic devices, DSC and PSC technologies, comprising their
operation principles, are described as viable solutions beyond-silicon.

In the second chapter, we provide a detailed description of the newly conceived gig-lox
process used for the deposition of spongy TiO2 layers. Gig-lox stems for Grazing Incidence
sputtering Geometry coupled with Local OXidation. The several effects of the deposition
parameters are described and exploited to the intent of properly building-up the multi-scale
porosity and its solid-state frame. The properties of the gig-lox TiO2 layers are also
investigated from different perspectives: morphology, lattice structure and optical
behaviour in comparison to reference layers deposited by standard parallel plate sputtering
methods.

Shortly following, chapter three is the proof-of concept of the mainstays of the new
material. It contains the description of the TiOz functionalization by photoactive molecules
(N-719) in different solvents (CH3CH20H and CHsCN) via a detailed characterization on the
dye infiltration, chemisorption and on the collection of the photo-generated electrons. The

chapter also describes the coverage of the spongy-TiOz layers with perovskites, i.e. MAPbI3,

—
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supported by morphological, structural and optical descriptions. Finally, we report on DSC
and PSC prototypal devices wherein the spongy-TiO: is integrated as scaffold.

Chapter two and three represent the core of the Ph.D. thesis.

The fourth final chapter complements the others to explore alternative materials and
applications for future devices. It contains: 1) TiO2 flowers grown by a chemical approach
(AA-MOCVD) as a possible alternative to the gig-lox method; 2) the application of gig-lox TiO2
layers for gas sensing; 3) the growth of ZnO:Al (AZO) by low-temperature reactive co-
sputtering as a valid alternative to commercial transparent conductive oxides (TCO) for solar
cells. The chapter aims at further elucidating the transversal empowering of nanostructures
and at prospecting their easy integration with Aluminum doped Zinc-Oxide (AZO) layers in
a shared deposition chamber potentially on any kind of substrate. This strategy would

positively impact on the costs of the photo-anode.

The Ph.D. thesis was carried out as a joined work between University of Messina
(Department MIFT, “Scienze Matematiche e Informatiche, Scienze Fisiche e Scienze della
Terra”) and the National Research Council in Catania (CNR-IMM, Institute for
Microelectronics and Microsystems) and was supported by the Italian Project “Elettronica
su Plastica per Sistemi Smart disposable” (Electronics on Plastics for ‘Smart disposable’
Systems) funded by MIUR (Ministero Istruzione Universita e Ricerca) to the Distretto
Tecnologico Sicilia Micro e Nano Sistemi (S.C.a.R.L.) by means of the Italian Program
PON02_00355_3416798. The thesis work was partially carried out at the Laboratoire des
Matériaux et du Génie Physique (LMGP) in Grenoble (3-months stage) and at the European
Synchrotron Radiation Facilities (ESRF), ID10 in Grenoble (1-month stage). The gas sensors

were realised in collaboration with STMicroelectronics.
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Chapter 1

State of the art and perspectives on Photovoltaics

The fast development of the society through the industrialization of the productive
activities and the improvement of the living standards brought exponentially increasing rate
of climate change via pollution overflow and temperature rise.[23] Greenhouse gases,
especially carbon dioxide (COz) emissions, concurrently increases (see Figure 1.1(a)),

causing progressive global warming as depicted in Figure 1.1(b).[+5¢]

2

2rexcs

geeguead

CO, concentations (ppm)
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Data Min = 2.95, Max = 797 NASA/GISS/GISTEMP)

Figure 1.1: Trends from 1960 to 2017 of (a) Atmospheric concentrations of CO2 (font: NOAA-ESRL Global
Monitoring, CO2-Earth)!5l and (b) global surface temperature (font: NASA Global Surface Temperature data).[¢]
(c) July 2017 blended land and sea surface temperature anomalies in °C (Font: NASA).[¢]

Predictive models[>7] indicate that the temperature could further increase by 2.0°C-
5.4°C in ~100 years at the Earth’s surface if actions are not seriously taken (Figure 1.1(c)).
Such climate changes are already causing droughts, floods, sea level rise, glacier melting, and
severe damages in agriculture and natural ecosystems; thereby the mounting consensus on

the need to reduce the overall emissions by switching many traditional energy sources to

—
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renewable energy. Sun, water, bio-energy or wind powers were all sources used in early
human societies and nowadays provide hope to our Earth for a better future. In all those
fields, several strategies have been explored and / or even already exploited based on the

use / implementation / tailoring of highly performing nano-materials.

(i‘go 2017
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Figure 1.2: current world scenario on the renewable energy production and its projection to 2030.[8!

Figure 1.2 depicts the current scenario on the renewable energy production and its
projection to 2030. Photovoltaics has been getting off the ground to satisfy the 25% world’s
energy in the 2050 at a rate, which overcomes the expectation. The reason is related to the
new emerging technologies having solicited the curiosity of scientist and industrial actors:

hybrid photovoltaics among the others.

1.1. The sun as renewable energy source

Renewable energy sources can be defined as “energy obtained from the continuous or
repetitive currents on energy recurring in the natural environment”[®] or as “energy flows
which are replenished at the same rate as they are used”.[1%] All the earth’s renewable energy
sources somehow originate from solar radiation as depicted in Figure 1.3(a). This radiation
is perceived as white light since it spans over a wide spectrum of wavelengths, from the
short-wave infrared to ultraviolet (see Figure 1.3(b)). Such radiation plays a major role in
generating electricity either indirectly or directly by means of the photovoltaic (PV) effect.

It is well known that PV-based technologies are the simplest to be designed and
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installed;[*t] however they are still not sufficiently cheap to be largely distributed. The
advantages lie in the fact that PV is an environmentally friendly, non-pollutant and low-
maintenance energy source. Solar photovoltaics, in combination with concentrating solar
power technologies, is being used by developers and utilities to produce electricity on a

massive scale to power cities and small towns.
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Figure 1.3: (a) Various forms of renewable energy depend primarily on incoming solar radiation.!*2] (b) Solar radiation
spectrum.

1.2. Overview on photovoltaic technologies

PV materials and devices convert sunlight into electrical energy. A single PV device is
known as a cell. An individual PV cell is usually small (~cm?), typically producing around 1
W of power. To boost the power output of PV cells, they are connected together in chains to
form larger units known as modules or panels. Modules can be used individually, or several
can be connected to form arrays. One or more arrays is then connected to the electrical grid
as part of a complete PV system.

The active material in a PV cell is a semiconductor. It is physically connected to other
boundary materials (heavily doped semiconductors or metals) to generate internal electric
fields during sun illumination and to extract carriers towards external grids and loadings.
Different materials and interfaces are indeed involved in the operation of a solar cell with
different roles, each of them requiring research and optimization steps.

There are varieties of semiconductor materials used in solar cells. Traditional solar
cells are made from silicon, are usually flat-plate, and generally are high efficiency solutions.

They are representing approximately 90% of the modules sold today.[13] [t is also the second
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most abundant material on Earth (after oxygen) and the most common semiconductor used
in computer chips. Second-generation solar cells are called thin-film solar cells because they
are made from amorphous silicon or non-silicon materials such as cadmium telluride (CdTe)
and copper indium gallium diselenide (CIGS). Both materials can be deposited either directly
onto the front or back of the module surface. Thin film solar cells use semiconductor layers
only a few micrometers thick to save raw materials and consequently money. Because of
their flexibility, thin film solar cells can be applied as rooftop shingles and building facades.
Third-generation solar cells are being made from a variety of new materials beyond

silicon, and include organic and hybrid solar cells.

Price Learning Curve by Technology
Cumulative Production up to Q4. 2016
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Figure 1.4: (a) Module Price as a function of the cumulative production for crystalline and thin-film technologies updated
at 2017; (b) Overview of the different photovoltaic technologies located in Catania, Sicily, Italy (Font: Fraunhofer Institute
for Solar Energy Systems) and the related pay-back time.[14]




Newly-Designed Spongy TiO: Layers by Modlified Sputtering Methods for Hybrid PhotoVoltaics

Ph.D. Thesis - Salvatore Sanzaro

Figure 1.4 reports the recent price and pay-back time of some technologies. The
graphs highlight the driving force residing in the cost reduction and the weight in price of

the different parts in a single technology.
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Figure 1.5: Efficiency trend of all photovoltaic technologies from 1975-2017 (font: NREL).[15]

Besides the costs, the power conversion efficiency () becomes a further main
parameter. The efficiency of a cell is the amount of electrical power coming out of a cell
divided by the energy from sunlight coming in. The amount of electricity produced from PV
cells depends on the light harvesting capability of the absorbing material, on the light
intensity and (usually) by the photon capture angle. Multiple other factors play roles in

—
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limiting the efficiency of a PV system being related to the active material (charge
recombination, material instability, sunlight loss), or independent from that (current loss
trough the external grid, working temperature).

As reported in the official National Renewable Energy Laboratory (NREL) chart[15]
(Figure 1.5), the highest efficiency is nowadays registered in multijunction solar cells
(46%). At the same time, the efficiency gained through the last few years by hybrid solar cells
technologies cannot slip through unnoticed. Dye Sensitized (DSC) and, more recently,
Perovskite Sensitized (PSC) solar cells have been emerging as viable solutions, in alternative
or combined in tandem to other well assessed technologies (e.g. those Si-based). The driving
force partially resides in the easy, low cost and versatile manufacturing of those
technologies, the hopes raised by the fast improvement of their efficiency even under cloudy
and artificial light conditions (i.e. for in-door use). For pure DSCs, the efficiency record
currently is 13.6%,115] while for the PSCs it flies even higher. In fact, in the last 3 years the
efficiency value raised by 8% to get to 22.1% in 2016.116]

Despite the linked story of the two hybrid PV technologies (see details in the next
paragraph), their efficiency trend experienced a cut-off in the 2014-2015 (see zoom in Figure
1.5) as the research hardly invested in the comprehension of the light harvesting and
transport in photoactive perovskite layers('718] to find out applicative technological

improvement (involving materials and layout) for new records.

1.3. Hybrid Solar Cells

Hybrid solar cells bring together organic and inorganic materials.['9 The inorganic
main components are usually oxides of transition metals while the organic-containing
counterpart spans from dye molecules to thin films or thick layers .[20.21]

In the literature, hybrid solar cells are manufactured using different concepts which
exploit the solid/liquid state  (DSCs)[2223]  or the fully solid state
(PSCs).[24:2526,27,28,29,30,31,32,3334]

DSCs have been receiving increasing interest in the research as well as in the industrial
framework at a level that a number of manufacturers have begun investing in this sector,
driven by the prospected short payback period, by the simple manufacturing processes.

Another value-added consists of applying the technology in Building Integrated

10
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Photovoltaics (BIPV), which Si-based solar cells do not offer, thanks to the transparency of
the cells and to the photovoltaic conversion yield not sensibly affected by the photon incident
angle. The esthetic of those cells is not negligible and offers a real fascinating range of colors.
Nowadays, the BIPV is one of the fastest growing segments of the PV industry. In the
standard scheme of the photo-anode of a DSC, proposed by M. Gratzel (Figure 1.6), the

father of this technology,[2223] a mesoporous thin film of nano-sized TiO:z crystals (nano-

paste) is deposited on a transparent conductive oxide (TCO) and sensitized by a photoactive

dye.[351

Dye Solar Cells

| M. Gritzel | : ~ T. Miyasaka

Lausanne, Switzerland), T. Miyasaka (Toin Univeristy of Yokohama, Japan), H. ]. Snaith (Oxford University, UK).

Perovskites are a large class of materials well known for many years, but their first
incorporation into a solar cell was only recently reported by T. Miyasaka et al. in 2009 from
the Toin University of Yokohama in Japan.[24] He has the huge merit of having substituted the
photo-active dye with a film of hybrid perovskite to finely cover a mesoporous TiO2 scaffold.
This change has been still producing conveniences and allowing the cell efficiency to aim
high. Starting from that date, an increasing emphasis have been dedicated to this new
technology that provided Prof. Tsutomu Miyasaka with the title of PSC’s father (Figure 1.6).
This is a really unique event in the history of photovoltaics which has created a lot of
excitement all over the academic and industrial world.

After the first power conversion efficiency generated (3.8%), Park et al. improved the

record to 6.5% PCE.[3¢] A breakthrough came in 2012, when Henry Snaith (Figure 1.6). and

—
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Mike Lee from the University of Oxford realized that a PSC architecture does not necessarily
require a scaffold to work. This allowed to launch a layered PSC structure, with the
perovskite layer sandwiched between the electron and the hole transporting materials.[37.38]
The idea was supported by the experiment in which a perovskite-covered TiOz architecture
was replaced by an inert scaffold.39 Further trials in replacing the mesoporous TiOz with
Al203 resulted in increased open-circuit voltage and a relative improvement by 3-5% in
efficiency.l#01 All those pioneering experiments were then closely followed by the clear
demonstration that the perovskite is a bipolar conductive material, able to transport both
electrons and holes.[4142:43,44]

In 2013, planar and sensitized architectures experienced a number of developments.
Burschka et al. reported, for the sensitized architecture, efficiency exceeding 15% using a
two-step solution processing to deposit the perovskite active layer,[*5] Malinkiewicz et al.
and Liu et al. showed the possibility to fabricate planar solar cells by thermal co-evaporation,
achieving ~12% and ~15% efficiency in p-i-n and an n-i-p architectures, respectively.[46.47.48]
Inverted configuration were also successfully applied by Docampo et al.[*°]

The story on material and device improvements (comprising a plethora of combination

or mixture of cations and anions, 2D perovskites and tandem materials) is still running fast.

1.3.1. Dye-Sensitized Solar Cells (DSC)

In the late 1960s, it was discovered that sun-irradiated organic dyes, placed in
electrochemical cells, can generate electricityl>?] in a way similar to what occurs in
photosynthesis. The phenomenon was studied at the University of California at Berkeley
with chlorophyll extracted from spinach (bio-mimetic or bionic approach).>11 On the basis
of such experiments, the dye-sensitization solar cell basic principle was demonstrated and
discussed in 1972.152] Starting from those pioneering experiments, the instability of the dye
solar cell and the low power conversion efficiency (mainly linked to the small light
harvesting probability) were identified as a highly limiting drawbacks; consequently, the
idea was not further expanded in the next years.[>3l.

Many years after, Michael Gratzel[23] revived that idea on the basis of the intuition that
the surface availability for efficient photovoltaics effects needed to be increased. Thereby,

the use of a mesoporous scaffold with surface to volume ratio multiplied by a factor of 10000.
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DSCs were, at the end, a real breakthrough since they represented the first PV device based
on a three-dimensional junction.

However, to turn this discovery into market with real dissemination perspectives,
efficiency and stability have been requested to survive over the years. Today, there are
companies like G2E and EXEGER that have major DSC production outputs growing every
year. The production volume for G2E is approximately 30000 m2/year; a new factory with
an output of 200000 m2 per year is being built in Switzerland, and the company is planning
to increase to 1000000 m?/year.>4 Therefore, through this production, the power being
delivered by DSCs is about megawatts, even hundreds of megawatts. Another important DSC
application is to capture and convert diffuse light or ambient daylight. EXEGER, in Sweden,
is producing DSCs for use as ambient light-harvesting devices in e-Book readers or other
portable electronic devices. They are at the top of the efficiency and also they are making
200000-300000 m?/year.[541 The research in this field is expanding since there is still room

for technological improvements.

1.3.1.1. DSCs architecture

In the original design of Gratzel and O'Regan,[??] the cell has three primary parts. A
transparent conductive oxide (TCO) made of fluoride-doped tin dioxide (SnO2:F or FTO) is
deposited on a substrate, typically a glass. On the conductive substrate, a compact and thin
(tens of nanometers) TiO2 layer is deposited, followed by a mesoporous thick (several
microns) layer of the same oxide. They are the blocking and the scaffold layers, respectively.
The TiOz2 scaffold is adjusted by a process of sintering at temperature of 450-500°C needed
to release the residual solvent (being the scaffold conventionally made of chemically sintered
commercial nanopastes) and to merge the grains at their interfaces. At those temperatures,
the TiOz scaffold is made of anatase grains and absorbs a fraction of the solar photons in the
UV range above the energy gap of the material (Eg = 3.2 eV).[55] The photoanode is then
immersed in a mixture of a photosensitive ruthenium-polypyridine dyel55] and a solvent.
After soaking the film in the dye solution, a number of dye molecules are left covalently
bonded to the surface of the TiOz.

Then, a separate electrode (cathode) is made with a thin layer of the iodide electrolyte

(I"/I3) spread over a conductive sheet, typically platinum metal. The two electrodes are
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then joined and sealed together to prevent the electrolyte from leaking. The construction is
simple enough that there are hobby kits available to hand-construct them.[5¢] Although they
use a number of advanced materials, these are inexpensive compared to the silicon needed
for normal cells because they require no expensive manufacturing steps. In Figure 1.7 is

reported the standard DSC architecture.

Dye-Sensitized Solar Cells Architecture

‘ Tco

Figure 1.7: Standard Dye-Sensitized Solar Cells architecture.

1.3.1.2. Mechanism of DSCs operation

In the operation scheme, the dye is the active material for light harvesting. Upon
absorption of photons, dye molecules are excited from the highest occupied molecular
orbitals (HOMO) to the lowest unoccupied molecular orbital (LUMO) states as shown
schematically in Figure 1.8. Equation 1 represents this process. Due to the convenient LUMO
position with respect to the Conduction Band (CB) of the TiO:z scaffold, the photo-generated
electron has a driving force to be injected into the CB. Once it occurs, the dye molecule
remains in the oxidized state. (Equation 2). The injected electron is transported through the
TiO2 porous layers and then extracted from a load (Equation 3). Electrolytes containing
I~ /I3 redox couples are used as an electron mediator between the TiOz photoelectrode and
the counter electrode (C.E.). Through them, the oxidized dye molecules are regenerated by
receiving electrons from the [/~ ion redox mediator that get oxidized to I5. Equation 4
represents this process. The I5 substitutes the internally donated electron with that from
the external load and reduced back to I~ ion, (Equation 5). The movement of electrons in
the conduction band of the wide bandgap nanostructured semiconductor is accompanied by
the diffusion of charge-compensating cations in the electrolyte layer close to the TiO2

surface.[57]
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Figure 1.8: Photovoltaic mechanism of DSC.

1.3.2. Perovskite Solar Cells (PSC)

Hybrid lead iodide perovskites are revolutionizing views and perspectives in all fields
that can take advantage from their high electrical performances(>85°1 and wide absorption
capabilities (IR-UV),[58] thereby attracting interest in photonics and also, more recently, in
microelectronics. Among others, the most intensively investigated perovskite for PV
conversion has the cation methylammonium (MA*) as organic moiety, with overall
stoichiometry CH3NH3Pbl3s (MAPDbI3).[2460,61,62,63,64,65,66,67,68] MAPDI3 is cheap to produce and
simple to manufacture for PSC.

The easy preparation procedure and the competitive electrical properties have been
pushing forward a rapid development of solar cells based on perovskite-like
materials.[246970.71] [n particular, diffusion lengths of several microns, the wide absorption
range and the bandgap tunability made them widely studied from many point of

views.[7273,7475767778] In the material architecture, the mutual relationship between the
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inorganic cage and the organic cations represents a main point in disclosing the
fundamentals of its behavior.

In its original architecture, a PSC resembles a DSC provided the dye is substituted with
a perovskite coverage for light-harvesting.[7980] In a recent interview, Michael Gratzel has
declared:[54 “.....It is true that these cells are very efficient and can compete with silicon and
other thin-film technologies on a laboratory scale, but there are concerns....Having said this,
the other main reason for concern has been the long-term device stability, long-term light
soaking at 60°C holding the cells at their maximum power point and in addition performing
the damp heat test at 85°C for 1000 h. So, we still have, I think, a pretty long testing period
in front of us. My guess is that perhaps in 5 years we will have mature systems that can be
put on the market.” Those limitations have pushed more than 10 000 researchers working
in this field worldwide.

It is true that the intrinsically low structural stability of the MAPbI3 layers risks to
retard its wide-range applications in low cost/high yield device technologies.[81] To this end,
a large effort is still needed for the deep comprehension of the instability sources in
relationship with boundary materials821 and operation conditions, including
temperature,[83] illumination (e.g UV),[84 and external agents.[84858687] As a main origin of
MAPbDI3 degradation, the proton exchange between the organic (MA*) and the inorganic (I-)
moieties of the lattice cage is an intrinsic thermodynamically activated process(8889] that
occurs even in vacuum conditions.[2490] Proton exchange with the consequent release of
volatile species is further promoted by mediators (catalysts) such as water molecules[8891]
or oxygen;[87] thereby humid air is widely regarded as responsible for degradation and
indeed requires mitigation actions.[9293] Although the overall scenario is less obscure than
years ago, the back-reaction of perovskites to the starting byproducts (Pblz, MAI) needs to
be further elucidated especially in proximity of the operation temperature. During the device
exposure to heat sources (e.g. under the sun), in fact, the effective temperature of the active
layer can rise above 60°C.[8593] This is not ineffective, since a polymorphic transition from a
tetragonal to a cubic lattice is expected around 54°C in MAPbDI3 layers.[83.90.949596] The
perovskite engineering, mainly focusing on composition, is nowadays prospecting some
solutions, although MAPbIs-based PSC’s performances remains the best published in the

literature.[16]
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1.3.2.1. PSCs architecture

Perovskite solar cells work efficiently in a number of different architectures
depending either on the role of the perovskite material in the carrier transport or on the
nature of the top and bottom electrodes. Thereby, PSC devices can be divided into
“sensitized”, where the perovskite acts mainly as a light absorber whilst charge transport
occurs into the scaffold; or thin film “layered”, where electron and hole transport mostly
occurs in the bulk of the perovskite itself. In the first scheme, similarly to DSCs, the
perovskite material covers a charge-conducting mesoporous scaffold (most commonly made
of TiOz). The photo-generated electrons are transferred from the perovskite layer to the
mesoporous sensitized layer through which they are transported to the electrode and
extracted into the circuit. The thin film layered architecture, instead, is based on the bipolar
transport capability of the perovskite materials.l?7] After light absorption and the subsequent
charge-generation, indeed, both negative and positive carriers flay away along a mean free

path of microns to reach the electron and the hole extractors.

Perovskite Solar Cells Architecture

@ Cl, Brl
@ CHNNH,

@

Figure 1.9: Standard Perovskite Solar Cells Architecture.

Figure 1.9 shows a layered PSC architecture wherein the hole-transporting layer
(Spiro-OMeTAD) is buried under the perovskite instead of covering it, in a configuration
therefore called inverted.

More recently, some researchers also successfully demonstrated the possibility of
fabricating flexible devices with perovskites,[498298] a technological solution for energy

demand on flexible (e.g. wearable, portable).
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1.3.2.2. Mechanism of PSCs operation

‘ Operation principle of a PSC |

Spiro-
A OMeTAD

FTO

Energy (eV)

Figure 1.10: Operation principle of PSC.

Independently of the shape (thin film or scaffold), the TiO2 material behaves as an
electron-transporting layer. This depends on the CB position of the perovskite with respect
to the CB position in the TiOz, as shown in Figure 1.10. Their mutual relationship introduces
a driving force for the photo-generated electrons to be extracted at the TiO2 side. Depending
on the choice of the structure, the extension of the exchanging interfaces changes, and this
has an impact on the device hysteresis, usually less pronounced in mesoporous
architectures. The interfaces and the related behavior play a main role in the operation of
the cell, and thus they pose interesting issues to be faced by the scientific community from
different perspectives. The concomitantly generated holes is injected into the valence band
of the spiro-OMeTAD layer and, through it, carried away towards the lead. The operation

principle of a PSC is illustrated in Figure 1.10.

1.4. Titanium dioxide as a main actor in DSC and PSC

Titanium dioxide (TiOz), since its discovering for water photolysis by Fujishima and
Honda in 1972,[991 has progressively raised the interest and consequently used in many fields

such as for photocatalytic degradation of pollutants,[100.101,102] photocatalytic CO2 reduction
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into  energy  fuels,[103104105106]  water  splitting,[107.108109]  golar  cells,[110.111]
supercapacitors,[112113] biomedical devices,[114115116] and lithium-ion batteries.[117.118,119]

In the photovoltaic field, recent advances were linked to the application of porous TiO2
in hybrid solar cell architecture with the efficiencies that consequently went up strikingly
rapidly54l thanks to the new ideas of M. Gratzel (DSC)[2223] and T. Miyasaka (PSC).[24.25.26]

In order to rise the efficiency of DSCs, efforts are being made to optimize various
components,[54120.121] ¢ g. anode, cathode and redox couple. Many main processes occurring
in DSCs, such as light harvesting, electron injection, back-electron transfer are primarily
dependent on the anode scaffold. Similar concerns have been raised on PSC, comprising the
stability and durability of materials and devices.

The most diffused and versatile way to generate scaffolds with nano-TiOz architectures
is by chemical approaches. They offer a large plethora of fascinating hierarchical and
mesoporous structures(122123124] with high infiltration capability.

On the other hand, standard physical growth methods have an intrinsic tendency to
form compact layers['?5] or, based on the Thornton’s approach,261271 can generate a
porosity (not necessarily interconnected) in the nanoscale. Several attempts were done in
the literature in order to increase the TiO2 layer porosity above the Thornton limit by using
sputtering or evaporation approaches which generated cauliflower,[128] penniform(129] or
zig-zagl'2s] structures. Some other attempts were done by sputtering in GLancing Angle
Deposition (GLAD)[130] to deposit Ti nanostructures[131,132,133,134,135,136,137] which requires ex-
situ oxidation for TiO2 reaction; or by using array of template materials (e.g. polystyrene
nano-spheres) to exploit their shadowing effect during TiO2 growth.[138] They however lack
of process simplification (e.g. external oxidation, need of templating layers or seeds), in
countertrend with the need of high production throughput, or do not provide clear evidences
on the applicative valence spanning through different technologies.

Additionally, to assure compatibility with DSC and PSC technologies, the TiO2
engineering has to face another main critical issue which is the uncomplete pore filling of the
scaffold.[139] This relates not only to the infiltration capability of the hole transporting
material (the electrolyte in DSC, the spiro-OMeTAD in PSC), but it is also related to the
homogeneous distribution of the photo-active material (dye or perovskite) through the layer
thickness and to its proper linking to the scaffold (chemisorption). The dye molecules, in fact,

need to get to the deep portion of the scaffold and chemically bind to its internal surfaces
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with convenient geometries; also, the perovskite needs to deeply infiltrate the scaffold

establishing stable, defect-free and tightly linked interfaces to efficiently exchange carriers.

In this framework, the thesis illustrates the empowering offered by newly-designed
spongy TiO:z layers deposited by a reactive sputtering method based on the combination
between a Grazing-Incidence Geometry and the Local OXidation of the sputtered species
(hereby called gig-lox). The growth process produces spongy layers and is conceived to be
compatible with the use of any kind of substrate. It is up-scalable as needed for high
production throughput. The spongy TiO2 gig-lox layer offers as main empowering a bimodal
porosity, with a finely interconnected matrix of pores of convenient size for dye and
perovskite infiltration / anchoring. The gig-lox scaffold is integrated in DSC and PSC
structures to investigate its behaviour and mainstays. In the last part of the thesis, the use of
gig-lox layers for gas sensing is also explored to extend their applicative strength in view of
the realization of platforms shared by different functionalities in smart devices.

Aims:

»  development of a new sputtering deposition method for porous oxides growth;

»  spongy TiO:z engineering;

»  exploitation of the TiO2 sponge for molecules and hybrid materials infiltration to form
active blends;

»  optimization of electron injection and collection by the engineered photoactive blend;

»  spongy TiO2 integration as scaffold in DSC and PSC technologies to compete with
consolidated approaches;

»  sequential sputtering deposition of Zn0:Al as alternative TCO and spongy TiOz layers

In addition:

»  exploring alternative chemical deposition methods to deposit porous TiO: layers;

»  spongy TiOz structure exploitation in the gas sensing field.
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Chapter 2

Spongy TiO: layers deposited by reactive sputtering:
standard and new methods

Sputtering deposition is a widely applied method in the research field as well as in the
industrial panorama to deposit thin and thick layers, potentially on any kind of substrate.
The technique is based on accelerated ions, usually Ar*, impacting on a source material (the
target). The bombardment results in a vapor of atoms and ions (and electrons) escaping the
target due to a momentum transfer. Hence, this technique is part of the class of Physical
Vapor Deposition (PVD) methods which includes, among the others, Thermal Evaporation
Deposition (TED), Electron Beam Physical Vapor Deposition (EBPVD) and Pulsed Laser
Deposition (PLD). The most common approach to grow thin films by sputtering is based on
the use of a magnetron source, in which a magnet increases the path of the electrons close to
the target with a consequent enhancement of the gas ionization. The target can be powered
in different ways, ranging from dc for conductive targets, DC pulsed or RF for nonconductive
targets.

Although sputtering is a physical process, adding chemistry to deposit oxides or
nitrides is feasible through the insertion into the plasma of a reactive gas, in what is called
reactive sputtering. As a counterpart, the undesirable reaction of the reactive gas with the
target material results in a non-linear behavior of the deposition parameters as a function of
the reactive gas flow that can drastically reduce the sputtering rate. To counteract this
phenomenon, the fluxes of the various species in the deposition chamber should be tailored
in a proper way. Equally important is the deposition rate on the substrate, different from the
sputtering rate, mainly related to the gas pressure and composition (once fixed the
sputtering power) in the chamber.

The combination of the sputtering conditions (sputtering rate, voltage applied,
working pressure etc.) influences the growth mode and rate of the desired film, as well as its
microstructure mainly via the fluxes and charge state of the species , the reaction path, the

energy per particle and the trajectory.[140]
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Sputtering is intrinsically devoted to grow compact layers and to conformally cover
morphological features on the growing front. For that, it is a widely consolidated technique
in the industries for coatings as well as for layered devices production.

To enlarge the field of application taking advantage from the high throughput,
reproducibility and up-scalability of the sputtering method, the advent of new idea for
reliable sputtering solutions is highly hoped specially to grow materials with high porosity
levels. This would open the field to non-conventional applications (e.g. for energy, sensing,
photo-cleaning) which require the materials to expose extended surfaces in a small volume.
Currently, materials of extreme interest are mainly oxides.

A first attempt in this direction was done by Thornton with his semi-empirical
model.[126.127] The Thornton’s model defines a range of deposition parameters such that the
layer structure can be qualitatively tuned from dense to nano-porous, depending on the
deposition temperature and on the gas pressure in the chamber. The method is general and
not necessarily applies to reactive sputtering. On the basis of this model, the deposition
temperature needs to be taken as low as possible to reduce surface diffusion of the deposited
ad-atoms, and the Ar pressure likely high enough to induce a porosity. As a drawback of the
method, the pore size cannot be largely tuned and the pore accessibility to introduce
materials from outside (gas, liquid or others) is limited. Some complex strategies have been
explored, comprising the use of seed layers from an extra step preceding deposition or the
ex-situ oxidation of a sputtered metallic layer.

In this chapter, we describe a new not-tricky sputtering method (called gig-lox) which
fully takes place in situ and the related mainstays to deposit spongy TiO2 layers with a
double-scale porosity. It is based on reactive sputtering in oxygen.

We move from a standard parallel plate approach (ppg, section 2.1.) to introduce our
modified deposition method that will be immediately after expanded in section 2.2. The new
method is tailored on the need to grow nanostructured TiOz layers with extended pores
accessibility to species of different size and nature, namely photo-actives dyes/materials,
liquids and gas molecules, to provide the oxide with transversal empowering. This
represents the focus of the thesis.

Gig-lox TiOz layers are indeed investigated from different perspectives (section 2.3),
comprising morphology, lattice structure and optical parameters. Where needed, gig-lox

properties are compared to those of standardly deposited TiOz layers (ppg).
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2.1. Sputtering by a method based on Standard Parallel Plate Geometry (ppg)

The simplest and common geometry encountered in a sputtering chamber consists of
two electrodes in Parallel Plates Geometry (ppg) being held at different electrical potential.
One electrode is called cathode and is negatively charged; the other is the anode, biased at
positive potential. They work generating a glow discharge.

The glow discharge owes its name to the luminous glow of the plasma. When a
sufficiently strong electric field is established in a gaseous medium, atoms and molecules will
be ionized by accelerated free electrons colliding with atoms. This occurs as they gain
sufficient energy to cause ionization of neutral gas atoms, and a chain reaction starts creating
more and more free charges. The luminous glow is produced by a process of excited atoms
decay.

Once the glow discharge is established, the potential drops rapidly close to the cathode,
varying slightly through the plasma column, and changes again close to the anode.
Consequently, the electric field is strong in proximity of the cathode (Cathode Sheath region,
CSR) and partially at the anode side (Anode Zone, AZ). The electric field in the system is

therefore restricted to sheaths adjacent to each of the two electrodes.

4 PPg

standard parallel plate geometry
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Figure 2.1: Schematic representing a standard parallel plate geometry (ppg) for reactive sputtering deposition.

Figure 2.1 depicts a ppg reactive chamber for the deposition of Ti-oxides from a Ti
target in presence of oxygen species.
In the thesis, for the deposition of TiO2 reference layers, we used a ppg chamber

equipped with a 6-inch circular Ti target. The process was carried out in Oxygen ambient by
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applying a constant power of 600W (1.24 A, 498V, power loading 4.9 W/cm2). An Oz2/Ar flow
rate ratio as low as of 5/45 sccm was set which gives rise to a growth rate of 3.7 nm/min and
guarantees the needed layer stoichiometry. The large content of argon was chosen to enter
the Thornton’s chart (Figure 2.2)[126]) in a compromise with other constraints (further
increasing the value would reduce the deposition rate and affect the layer composition). The
deposition processes were carried out at a pressure of 9.0 ubar (7 mTorr - see working
region in Figure 2.2) with an anode-cathode distance of 10 cm. In the chamber, a uniform
plasma (pink color), linked to the presence of oxygen species, was established between the

plates. With this approach, the deposited layers gain an overall porosity close to ~30%

volume.
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Figure 2.2: Schematic representing the nano-porosity expected on the basis of the Thornton’s model. Tmelting
anatase = 1843°C. The working regions refers to ppg and gig-lox processes (from bottom to top, respectively)
as described in the text.

2.2. Sputtering by a new method based on Grazing Incidence Geometry coupled
by Local Oxidation (gig-lox)

The idea of newly-designed TiO2 layers was realised on the basis of the customized

equipment sketched in Figure 2.3(a). The source is a 2-inch pure Ti target.
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Figure 2.3: (a) Customized Sputtering system, which allows working in a separately-charged- regime of the plasma (note
that the Ar and Oz sources are separated); this is combined with shadowing effects. 8 is the inclination angle of the source.
The inset is a picture of the double plasma (blue = metallic and violet = oxidizing) established inside the chamber. (b)
Schematic of the meso-porosity achieved by a combination of flux shadowing plus local oxidation. The seeds are formed
in-situ at the early stages of the deposition process. The nano-porosity is inside the rods and originates from tailoring the
Ar pressure in the proper Thornton’s regime (Figure 2.2).

We exploited a combined strategy to provide the material with a double-range-
porosity during growth. It is fully carried out in the deposition chamber (in-situ) and does

not require any template/seed layer or any ex-situ oxidation step. A nano-porosity was
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settled by applying Thornton’s conditions[126] as indicated in Figure 2.2 (see working region).
To add a porosity in the meso-range (tens of nanometers) we exploited a twofold idea: 1) a
Ti off-axis source at inclination angle 6 (Figure 2.3(b)) and 2) the oxidizing zone confined
at the sample surface, far from the cathode sheath region. Local oxidation allows a bottom-
up growing process of oxidised rods.

For what said, a main parameter is the inclination angle 6 (see Figure 2.3(a)). An
optimum inclination angle of 12.1° was identified in our setup as a compromise between the
shadowing effect by the starting TiO2 seeds (this define the lower limit in 8) and the
verticalization of the Ti flux occurring by increasing 6, that has a tendency to progressively

close the pores by proceeding the deposition.
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Figure 2.4: (a) TiO: layer porosity as a function of the inclination angle (8) of the Ti source with respect to the sample
position.; (b) TiOz deposition rate as a function of the Oz flow rate at inclination angle of. 12.1°. All data collected at 20 rpm
on as deposited samples. The layer thickness is ~800nm.

Besides the off-axis source, the other peculiarity of the equipment resides in the oxygen
inlet, being independent from the Ar inlet, and placed in close proximity of the substrate.
This configuration, in appropriate conditions which mainly depends on the oxygen flow-rate,
allows confining the oxidation at the growing front. As a matter of fact, abounding with the
oxygen flow rate reduces the deposition rate due to oxidizing species reaching the target.
The data are shown in Figure 2.4(b) taken at fixed rotation speed of 20 rpm and inclination
angle of 12.1°. They depict an inverse trend of the deposition rate with the Oz flow rate, being
it maximum at 2 sccm (standard cubic centimeters per minute). This value was chosen and

fixed for the next surveys.
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Effects on porosity and grain size were also recorded by rotating the substrate under

the source during deposition, depending on the rotation speed. The grain population and

diameter distribution are shown in Figure 2.5(a). Working in static condition was a priori

excluded due to a lack of thickness uniformity over the sample surface.
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Figure 2.5. - (a) TiO2 grain diameter distribution as measured by SEM analyses; (b) average grain diameter
and layer porosity of the TiOz layer as a function of the rotation speed. Data taken at Inclination angle 12.7°.

Our results define the use of 20 rpm as a compromise value to frame grain size and

porosity in a proper way (see Figure 2.5(b)). In Table 2.1 we show porosity data as a

function of: 1) the incident angle applied to the Ti target and 2) the rotation speed applied to

the anode.

Table 2.1: Porosity measurements as a function of the different angles applied to the Ti target and as a function of the
rotation speed.

TiO, gig-lox

Theta (degree) @20 rpm Porosity (%) 1

11.4 39.8
12.1 48.9
12.7 41.0
13.5 39.7
15.0 394
17.2 39.0

0 41.4

10 40.6

20 41.0
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In addition, we also explored: the anode-cathode distance in order to optimize the
deposition rate; the flow rate of both carrier gas (Ar) and reactive gas (02); the power applied
to the cathodes. All the depositions were done at room temperature to be compatible with
any kind of substrate and device.

In our optimized multi-parameters gig-lox process, the Ar flow-rate was settled at 69
sccm, corresponding to a deposition pressure of 14.0 pbar (10.5 mTorr). The Oz flow rate
was 2 sccm, at a power of 140 W, a current of 475 mA and a voltage of 295V, all tuned in
order to get stoichiometric TiOz layers. The corresponding growth rate was 4.25 nm/min,
the power loading was 6.9 W/cm?, the anode-cathode distance was set at 1.2 cm and, during
deposition, the substrate was kept rotating at 20 rpm under the beam. Under these working
conditions, a double regime is settled up into the deposition chamber (see Figure 2.3(a)): a
blue plasma (metallic) in proximity of the source, and an oxidizing region confined at the
sample surface (violet color). This allowed reducing charging effects and working under
stable conditions, at relatively high deposition rate (limited/avoided target oxidation). As a
main empowering, a bottom-up growth process is established by local oxidation of the

landing Ti species. The maximum porosity we have got amounts to ~49-50% volume.
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Figure 2.6: Test of thickness uniformity in a TiO2 gig-lox layer deposited on a 4-inch oxidized Si wafer. The plot additionally
shows the comparison between gig-lox and ppg layer porosity as a function of the distance from the wafer center. Note that
the source in the gig-lox chamber was just 2 inches in diameter.

The up-scalability of the process was tested on a 4-inch Si wafer and the results are
shown in Figure 2.6. They represent a success in terms of porosity uniformity and an

encouraging starting point in terms of thickness uniformity (30% of variation) with a
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limitation, in this respect, due to the use of a 2-inch Ti target. Increasing the target size can

increase the thickness uniformity.

2.3. TiO: layers grown by ppg and gig-lox processes

TiO2 layers have been deposited on corning glass slices or Transparent Conductive
Oxides (TCO), depending on the experiment, by using the standard parallel plate geometry
in a Kenotec-made Magnetron DC-reactive sputtering or by exploiting the customized
grazing incidence geometry in a Kenosistec-made Magnetron DC-pulsed equipment.

In both working geometries, each deposition process is preceded by a pre-sputtering
step to clean up the surface of the Titanium target and to eventually remove residual thin
oxide layer. With our best process, porous TiOz layers were deposited at room temperature
with thickness in the range from 150 nm to 1000 nm. The effect of post-deposition thermal
treatments was also explored where needed, namely at 200°C for 30 minutes, 450°C 1h,
500°C 30 seconds or 500°C 5 min, using a mixture of 78%N2:22%02 (dry air).

The parameters used for the optimized TiO2 gig-lox and ppg depositions are collected
in Table 2.2. The differences in some values, such as the power, are due to the different set-
up of the chambers, being DC or DC pulsed. In all, the parameters compensate to have
comparable growth conditions in the two geometries (ppg and gig-lox), such as deposition
rate and ad-atoms energy (mainly a combination of temperature, power loading and A-C

distance). In both cases, the listed parameters allowed rising to maximum the layer porosity.

Table 2.2: Parameters used for the optimized TiO2 deposition in the two geometries.

Deposition parameters gig-lox

Vacuum Pre-Deposition (pubar) 2.0x10* 1.2x103
Working Pressure (pbar) 13.0 9.0
Flow rate Ar (sccm) 69.0 45.0
Flow rate O, (sccm) 2.0 5.0
Ti Power (W) 140 620
Ti Voltage (V) 295 - 298 498 - 501
Ti Current (A) 0.472 - 0.475 1.24-1.26
Ti Diameter (inch) 2.0 5.0
Power Loading (W/cm?) 6.9 4.9
Anode-Cathode Distance (cm) 12 10
Deposition Temperature (°C) 25 160
Deposition Rate (nm/min) 4.2 3.7
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2.3.1. Morphological Analyses of gig-lox layers
The morphology of the Ti-oxide layers was explored by Field Emission-Scanning
Electron Microscopy (FE-SEM) and Coherent X-Ray Diffraction Imaging (CXDI).
2.3.1.1. Scanning Electron Microscopy analyses

FE-SEM analyses were performed in plan-view and cross section configurations.

4 gig-lox 4 PPg

customized Sputter DC-Pulsed standard parallel plate geometry

T E S
L&,"*.' "?

Sk L

Figure 2.7. FE-SEM images in plan-view of as prepared TiO2 samples (a) in gig-lox and (b) in ppg configurations. In the gig-
lox layer, the grains size distribution is more uniform than in the ppg material. In this top-view, the grains are smaller in
the gig-lox layer.

To avoid charging effects, Au nanograins (~5 nm in diameter) were sputtered on the
sample surface or section (in some cases they are visible on the sample surface). The as

deposited gig-lox layer (Figure 2.7(a)) is characterized by an array of grains, whose

30



Newly-Designed Spongy TiO: Layers by Modified Sputtering Methods for Hybrid PhotoVoltaics

Ph.D. Thesis - Salvatore Sanzaro

diameter is in the range of ~60-90 nm (Figure 2.5(a)). A network of voids surrounds the TiO2
grains. For the composition of the starting material see the XPS section (Figure 2.18).

As a counterpart, the as deposited ppg layer, shown in Figure 2.7(b), is made of grains
with larger size (~50-150 nm) often aggregated in form of cauliflowers (see also Figure

2.14).

Parallel plate geometry

Figure 2.8: Cross-section FE-SEM images of TiO2 layers deposited (a) in gig-lox (~800 nm) and (b) in ppg (~500 nm)
configurations. Layers after thermal treatment: at 200°C 30 min in (c) gig-lox, (d) ppg; at 500°C 30s in (e) gig-lox, (f) ppg.
The annealings were done in air. Notice how the gig-lox layer, differently from the reference, retains its porosity in depth
even after treatment at 500°C.
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Figure 2.8(a) visualizes a rods forest established through the section of the as
deposited gig-lox layer, with rod diameter in the range of ~80-90 nm, in agreement with its
plan-view (Figure 2.7(a)). The rods are separated by ~10-50 nm large voids extending
through the whole thickness (being ~800 nm). This represents the meso-porosity of the
layer. The ppg layer appears, instead, more compact (see Figure 2.8(b)), similarly to what
reported in the literature,[128141142143,144] Accordingly, after thermal treatments, grain
coalescence causes a shrinkage of the pores in the ppg layer (especially at the surface: see
Figure 2.8(d,f)). This effect is more pronounced after annealing at 500°C. On the opposite,
the gig-lox layer retains its porosity through the whole thickness with the rod forest

architecture still preserved (see Figure 2.8(c,e)).

2.3.1.2. Coherent X-Ray Diffraction Imaging analyses

To enter the 3D architecture of the TiO2 gig-lox layers, we imaged representative
samples using a non-conventional tomographic Coherent X-ray Diffraction Imaging (3D-
CXDI) based on synchrotron radiation.[145146] The investigation was done during the one-
month stage at the European Synchrotron Radiation Facilities (ESRF) in Grenoble with the
supervision of Dr. Federico Zontone. The technique provides detailed information via the
electronic density distribution established through the material on the basis of its local
structure (a combination of morphology and stoichiometry). This represents a powerful tool
for visualizing the outer and the inner structures of micro particles with a resolution of a few
tens of nanometers.[147.148] CXDI is a lens-less imaging technique where the electron density
distribution of an isolated object in real space is retrieved by an iterative algorithm that
phases an oversampled speckle pattern recorded in reciprocal space in the far field. (more
detail in Appendix).[145149,150]

The CXDI technique has been applied on isolated particles of TiO2 annealed at 500°C
and deposited on Si3sN4 membranes upon gently scratching the sample, originally deposited
on glass substrates at the sputtering chamber. The resulting dimensions of those fragments
are in the range 2-6 pm. The reconstructed 3D electron density distributions are scaled in
grey level values. With this method, specific sections (Figure 2.9(a)), integrated morphology
(Figure 2.9(b)), or 3D reconstructions can be analyzed and evaluated. Additionally, a

porosity parameter P (0 < P < 1) can be extracted from the 3D reconstructions as average
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value, scaled to the bulk density, according to the formula:[151]

P(%)z[l_(%)]xloo, (6)

where psample and ppyik are the sample and the bulk electronic densities, respectively. It is

simply intuitive that psample<pbulkin a porous layer.

2D Section 2D Projection

Figure 2.9: (a) Central slice used to obtain the p bulk (2D section), (b) volume representation used to obtain the average p
sample (2D projection) and (c) 3D architecture (3D reconstruction) of the TiOz gig-lox layer obtained by CXDI analysis. (d)
ESEM image used as benchmark of the CXDI reconstruction.

The sample and bulk intensity are estimated by histogramming the grey levels in the
averaged slice (2D Projection, Figure 2.9(b)) and in the dense region of the slice (or 2D

Section, Figure 2.9(a)), respectively. It was found that, in the area shown in Figure 2.8(a), the

—
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grey level histograms have a quite narrow Gaussian distribution with a nearly constant
average value over the region. We assume this value to be representative of the bulk
electronic density of the TiO2 gig-lox sample. We found the average value of the porosity to
be P (%) = 46%=5, a value comparable to the one obtained from Ellipsometry measurements
(see paragraph: Optical analysis).

Using the Chimeral'52] software, we traced to the 3D architecture of the gig-lox
fragment by merging the 2D slices (see Figure 2.9(c)). The image of the same fragment in
Figure 2.9(d), acquired by ESEM (Environmental Scanning Electron Microscopy), shows a
morphology in agreement with that provided by CXDI. The tomographic imaging offered by
CDXI allows analyzing single slides and average or local parameters, such as the local
morphology and the surface to volume ratio. As representative of the gig-lox TiO2, we
extracted a surface to volume ratio in favor of the surface, being 0.06 nm-1in the case under
investigation. The value well accounts for rods having radius ~30 nm, in full agreement with
what shown by SEM analyses, following a calculation for cylindrically shaped rods:

S _2mrl 2

2=0.06nm™! > r=33nm (7)

v wriL r

As expected on the basis of the resolution, the technique represents a viable tool to
specifically investigate the meso-porosity of the layer we introduced through the grazing
plus local oxidation processes. To disclose the nano component and its relationship with the
meso-porosity, other tools will be applied (EEP and TEM).

The meso-porosity of the gig-lox TiO2 layer represents a mainstay introduced by the
method that was properly exploited for surface functionalization through dyes or perovskite
coatings for the light harvesting in the PV field (Chapter 3), or for gas infiltration in the gas

sensing field (Chapter 4).

2.3.1.3. Enviromental Ellipsometric Porosimetry analyses

Environmental Ellipsometric Porosimetry (EEP) is used to address the layer porosity
in the nano-scale and to gain insight on the pore size distribution. Although the technique is
based on optical analyses, we leave here the paragraph to complement the porosity issues
from CDXI analyses. The measurements were performed at the Institut Matériaux
Microélectronique Nanosciences de Provence (IM2NP) Aix-Marseille Université, Marseille,

France by Prof. David Grosso and Dr. Thomas Bottein.

-
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This technique measures the changes of the refractive index during adsorption and
capillary condensation of isopropanol into the pores of the material. The volume fraction of
adsorbed isopropanol is deduced from the Bruggeman Effective Medium Approximation
(BEMA) which compares the refractive index of the empty film (void + TiOz) with that of the
film full of isopropanol (isopropanol + Ti02).[!53] In this calculation, the fraction of TiO2
remains fixed and the fraction of void (porosity) is considered to be equal to the fraction of
isopropanol. We are here assuming (as will be demonstrated by TEM analyses) that the
totality of the voids is accessible to the alcohol. The analysis was performed using a refractive
index of 2.65 for the as deposited sample, supposing a mixture of anatase and rutile in the
local ordering of the amorphous phase; for the samples annealed at 500°C sample, being

purely anatase (see Micro-Raman and XRD sections), we used a refractive index of 2.53

IEI \ —— Adsorption (as dep.) IEII 45 ;—Adsorption (as dep.)
bl - - - Desorption (as dep.) | - = - Desorption (as dep.)
\ Adsorption (ann. @500°C) : o
R - - Desorption {ann. @500°C) 4 Adsorption (ann. @500}:)
= = = Desorption (ann. @500°C)

dV/dD (arb. units)

IID
Pores dimension (nm) 0
Figure 2.10: (a) Pore size distribution deduced from the Kelvin law for cylindrical interconnected pores for TiO2 gig-lox
in as deposited and after annealing at 500°C conditions. (b) Volume of adsorbed gas as a function of P/Po for TiO2 gig-lox in
as deposited and after annealing at 500°C conditions.

Based on the TEM images in Figure 2.16(c), pure cylindrical pores will be used for the
calculation of pore size distribution (pore aspect ratio = 10). Pore size distribution (in term
of diameter) is given in adsorption and in desorption operation mode. In adsorption, the
average pore diameter is probed while in desorption average diameter of the
interconnection between pores is determined. It is important to note, in Figure 2.10(a,b),
that the plot dV/dD gives the distribution of pore size diameter as a function of the number

of pores.[153] In fact, large pores will be less visible on this graph even if they can represent a
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large volume of the total porosity, because the number of large pores will be lower than the
number of small pores for the same contribution in term of volume.

The pore size distribution in Figure 2.10(a) highlights some main points: 1) the
bimodal distribution of the pores; 2) the persistence of small-size pores even after the
thermal treatment at 500°C; 3) a slight enlargement of the distribution after annealing and
a small shift of the maximum rightwards that accounts for a slight increase of the average
pore size (further discussed in the next paragraphs). Those small changes are mainly related
to the thermal contraction of TiO2 occurring during crystallization into Anatase layer (a
further contribution of pore sintering is not excluded).

In order to get a good vision over the pore distribution in term of volumetric

percentage, it is preferable to consider the plot of Vads as a function of P/P, [153]

2.3.1.4. Standard Spectroscopic Ellipsometry analysis

An average evaluation of the layer porosity was also done by measuring the refractive
index (n) of the materials at A = 550 nm (photon energy = 2.25 eV) to explore how eventually
the overall porosity depends on the grown thickness. The refractive index was converted to
layer porosity (%volume) following the formula given in the inset of Figure 2.11(b).[*>%*
Also here we used nanatase=2.53 for fully crystallized samples and nfim = 2.65 for not complete
crystallization (a mixture of anatase and rutile local lattice arrangement). The analyse were
done using a A. Woollam VASE ellipsometer and a method both reported in Appendix.

To the purpose, gig-lox layers were grown in a range of thicknesses from 350 to
1000nm, at fixed growth parameters. As representative of the others, the data collected over
a 350nm-thick gig-lox layer before and after annealing at 500°C are represented in Figure
2.11. Figure 2.11(a) shows how a porous layer differs from a compact layer in terms of
refractive index, at a fixed lattice structure (anatase). Figure 2.11(b) reports the porosity
data vs. thickness.

From this plot, we conclude that: 1) the porosity is not sensibly dependent on the layer
thickness in the explored range (see schematic inside Figure 2.11(b)); 2) the porosity could
only slightly reduce after annealing at 500°C. Those properties represent main empowering
introduced by our method of growth. On the other hand, TiOz layers deposited in the

Thornton regime by conventional ppg methods, compared to our grazing procedure, have a
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tendency to close the pores for long deposition times (large thickness) and/or by annealing

the sample.
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Figure 2.11: Optical analysis performed by SE measurements of TiO2 gig-lox layer: (a) refractive index (n) and extinction
coefficient (k) of a porous 350nm-thick layer before and after annealing at and 500°C in air (40%RH) in comparison with a
compact TiO2 anatase reference material: in all cases, n and k are systematically lower than in the reference. (b) layer
porosity before and after annealing at 500°C as a function of the TiO2 layer thickness (at fixed deposition parameters)
calculated using n at photon energy of 2.25 eV (A =550 nm). In the inset: a sketch on the structural engineering that
preserves the layer porosity over prolonged deposition times.

In Table 2.3 we show a comparison of porosity data in the optimised gig-lox and ppg
layers (see table 2.2) of similar thickness. It emerges that as deposited ppg sample is less
porous than the gig-lox one and it becomes much more compact when subjected to annealing
at 500°C. In contrast, the porosity in the gig-lox sample is pretty unaffected by the thermal

treatment (50.8% vs. 48.9%); its refractive index is rather reduced according to the
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structural arrangement of TiOz in the anatase latticel®5] (Figure 2.13(d) and Table 2.3. See

also XRD analysis).

Table 2.3: Refractive index and layer porosity in an 800nm-thick layer calculated by Ellipsometric data fitting.

As deposited Annealed @500°C As deposited Annealed @500°C

Refractive index @550 nm 1.99 1.94 2.22 2.30

Porosity (%) 50.8 48.9 34 =21

2.3.2. Structural Analyses of gig-lox layers

The crystallographic properties of the gig-lox TiOz samples were afforded by a cross-
correlation of several techniques: Micro-Raman Spectroscopy, X-Ray Diffraction (XRD) and

Transmission Electron Microscopy (TEM).

2.3.2.1. Micro Raman analyses @532 nm

Micro-Raman analyses were done on the gig-lox TiOz layer in the range 200-1000cm-!
applying a resonant wavelength, tuned on the absorption band of the dye (namely 532 nm).
Following Leon et al,[156] the use of a resonant wavelength in presence of a
nanostructured film represents a strategic configuration (called Surface Enhanced Resonant
Raman Spectroscopy, namely SERRS) which allows reducing the laser intensity during
analyses, thus limiting heating effects. The probed depth is the entire thickness since the

penetration depth estimated by the formulal55]

d, = 22 8)

ona
is 1.34 pm. (A = laser wavelength (532.0 nm), 6= incidence angle (90°), a = absorption index
(3.24x10%)).

Figure 2.12 shows the spectra related to the gig-lox TiO2 layer after deposition and
after thermal treatment at 500°C for 5 minutes in air. Before annealing, the material is mostly
amorphous since the peaks are broad due to the average mixture of anatase and rutile (short
range ordering). After thermal treatment at 500°C, the TiO2z structure gains a long-range
order in the anatase atomic arrangementl®®] (see below the XRD analysis). As a matter of fact,

in the spectrum, typical vibrational modes of the anatase phase are found at 399 cm-! (B1g),

522 cm! (B1g, A1g) and at 630 cm! (Eg).

—
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Figure 2.12: Micro-Raman spectra of — TiOz as deposited and — TiOz annealed @500°C shown in the range 200 - 1000
cml

2.3.2.2. X-Ray Diffraction analyses

X-Ray diffraction analyses have confirmed that a structural adjustment can be
triggered by a thermal treatment. This is progressively gained by raising the temperature
from 200°C to 500°C. Figure 2.13(a) shows the progressive nano-structuring of the TiO:
gig-lox layer in the anatase form vs. different annealing conditions. This structural
improvement has effect on the optical bandgap (see next paragraphs) but is ineffective at the
side of the layer porosity (Figure 2.16).

Figure 2.13(b) compares the final structures of the gig-lox to that of the ppg layer after
a thermal treatment at 500°C,[257.158]. The Full Width at Half Maximum (FWHM) of the
diffraction peaks was used to calculate the size of the anatase domains. In particular, in the

gig-lox layer FWHM values of 0.41° and 0.49° were measured for the (101) and (004) planes,

—
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respectively; in the ppg layer, instead, the FWHM for the same set of peaks is 0.52° and 0.44°.
The domain size was thus calculated by the Scherrer’s formula,[1591 being in average ~18+1
nm for the gig-lox layer and ~17+1 nm for ppg layer (see Table 2.4). Both values settle
around a size expected for anatase nanostructures to be more stable than the rutile
counterpart.[169] Please remember that the grain size evaluated by X-ray diffraction accounts
for small un-defective domains coherently diffracting the incident beam. They are not

required to match the grains given by morphological analyses (e.g. by FE-SEM).
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Figure 2.13: (a) Diffraction patterns of the TiO2 gig-lox layer after annealing at — 200°C and — 500°C. With respect to the
as deposited material, the nano-grains have gained a partial degree of order at 200°C with their consequent cooperative
participation to some diffraction peaks. A full rearrangement of the meso-crystals in anatase is gained at 500°C. (b)
Symmetric XRD patterns (20-w) of TiOz layers deposited in — gig-lox and in — ppg configuration after thermal treatment
at 500°C. Both patterns refer to anatase.

24 27 30 33 36

40



Newly-Designed Spongy TiO: Layers by Modlified Sputtering Methods for Hybrid PhotoVoltaics
Ph.D. Thesis - Salvatore Sanzaro

Table 2.4: XRD data for the TiO2 anatase peaks in both deposition geometries.

gig-lox PPg
XRD geometry 20 (deg) FWHM (deg) | Grain Size (nm) FWHM (deg) | Grain Size (nm)

Simmetric diffraction - (28-w) | (101) 25.38 041 0.52 15.7

Simmetric diffraction - (28-w) 0.49 0.44 19.1

REFERENCE ~ ZJvon™ 252

26004 = 37,80°

The statistical distributions of the (004) and the (101) planes (the most intense ones
in the diffraction patterns) in the gig-lox layer spanned along the polar (¢) and the azimuthal

(x) coordinates are shown by stereographic projection in Figure 2.14.

20=253°
(101)

Pole Figure Measurement

Figure 2.14: Polar figure analyses around the (101) and (004) poles as acquired in the TiO2 gig-lox sample.

The diffraction data, in all, highlights a general predominance of the (004) growth
planes. A similar tendency was found in ppg layers (see also Figure 2.13). Despite this
similarity, the gig-lox layer has a larger abundance of domains exposing (004) planes at the
sample surface. This was disclosed by measuring the texturing coefficient J as it follows:

] =

I *
Ilzkl/z:hkl(lhkl/[hkl)' (9)
hkl

which has been calculated for all the detected crystallographic planes[t¢ll and reported in
Table 2.5. I}, is the expected intensity of peaks in a reference powder.

Most of the works in the literature on 1D-nano-structured TiOz materials report the
(101) as preferential growth planes;[105138162163,164165] jn some other cases (220)[128] or
(004)[138142,164,165166] planes were claimed as preferentially selected during the growth
process. The different findings must be rationalized in the framework of the specific growth

conditions/methods used, namely the anode-cathode distance, the oxygen concentration
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during deposition, the power loading, etc. The comparison of literature data elucidates that
ad-atoms with high mobility are created under low pressure and/or high potential and/or
high deposition temperature,[167] and this favours the exposure of (101) surfaces. This
phenomenon is more pronounced in gig-lox layers, with respect to layers grown by
conventional ppg, likely due to the peculiar growth procedure, which involves meso-pores
and shadowing effects, which will be further elucidated in the next paragraph.

Table 2.5: Texturing coefficient extracted by the TiO: anatase peaks, in both deposition geometries. The texturing

coefficients is calculated on the basis of the formulal!59] reported in the table, where I, is the expected intensity in a
reference powder.

TiO, Texturing Coefficient  1-7%/Y tuv/iiw

T/

2.3.2.3. Transmission Electron Microscopy analyses

To go deeper into the origin of the preferential orientation of our gig-lox layer along the
[001] direction, a complementary study on the structure was performed by Transmission
Electron Microscopy. The meso-porosity of the layer is visible in Figure 2.15(a) with the
pores giving a bright contrast. The dark field image in Figure 2.15(b), collected by selecting
a small portion of the (004) planes (Figure 2.15(c)), highlights a rod structure made of
vertically stacked grains, with a nano-porosity established between them. The grains are
laterally faceted as shown in Figure 2.15(d,e), with the facets exposing (101) planes.

Similar architectures made of stacked faceted grains were reported elsewherel[168169] for
TiO2 synthesized by sol-gel procedures. In those cases, it was proposed that the self-
assembling of nanostructures into branched rods is based on a surface free energy gain
(thermodynamics) combined with kinetic factors. In particular, the self-assembling of TiO2
nano-grains along the [001] growth axis is argued to originate from the inherent anisotropy

(tetragonal unit cell) and the centro-symmetry (body-centered lattice) of the TiO2 anatase
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lattice. This promotes equi-directional linear development of the nanocrystal lattice mainly

along the high-symmetry c-axis.

[001]

Anatase

Facets = (101) planes
20 nm

Figure 2.15: TEM analyses of the TiO2 gig-lox layer after annealing at 500°C: (a) bright field image showing the meso-
porous structure (the pores give a bright contrast); (b) dark field image originating from the region circled in (c),
highlighting single grains stacked within the rods (the bright objects); (d) detail of a rod with the related SAED in (e). Left
panel: a representative schematic of a TiOz rod made of stacked grains with facets along (101) and (10-1) planes, with
growth axis along the [001] direction, according to XRD data in Figure 2.13. The preservation of this fine structure denotes
that the annealing has a conservative effect on the porosity.

In our opinion, the assembly procedure in gig-lox TiOz layers resembles a bottom-up
growth process in which the chains of atoms (TiOs blocks) are mostly pushed upwards
during growth while are limited to expand laterally by the grazing configuration of the
source. This produces separated rods with meso-pores extending through the whole
thickness, as shown in Figure 2.16(a). The ppg layer is, instead, made of grains mostly in
touch and is compact especially at the bottom half part (Figure 2.16(b)). The uppermost
part has a typical cauliflower morphology as often reported in the literature.[28] This
cauliflower structure remarks the possibility for the TiOs¢-based chains to laterally expand
out of the main c-axis along the equivalent transversal [101] and [011] directions, similarly
to what reported in refs [169,170,171]. Differently from the case of grazing incidence (gig-
lox), this lateral growth is made possible by the flux of species (roughly) vertically impinging
on the growing front. A high surface roughness (~20 nm) is finally produced in ppg TiO2

layers in correspondence of the boundaries between adjacent grains.
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The given arguments on the two growths mode collaterally explain the texturing along
the [001] direction observed by XRD analyses, and its predominance in gig-lox layers.

Figure 2.16(c) summarizes the mainstays of the proposed innovative structure by the
aid of a TEM image, taken in a very thin region of the section. The image additionally
envisages arole of the structure on the optical response of the material that will be expanded

in the next paragraphs.

N e

100 nm |
—

s Cauliflower structure -

Rods structure 1%

() Porosity

nano
meso

TiO, gig-lox cross section

Figure 2.16: TEM images of as deposited TiOz layers: (a) gig-lox rods and (b) cross section ppg grains having a cauliflower
structure. The double-scale porosity (nano and meso) of the gig-lox layer is traced. (c) TEM cross section of the gig-lox layer
showing the material arrangement by nano-grains in a matrix of interconnected nano-pores (zoom in the yellow region).

2.3.3. Optical response

The optical response of the layers was evaluated by measuring the layer transmittance
and absorbance. As representative of the others, we show the data on ~800 nm-thick gig-lox

layers annealed at 500°C in Figure 2.17(a).
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Figure 2.17: Optical analysis performed by SE measurements of TiO2 gig-lox and ppg layers: (a) Transmittance and (inset)
gig-lox refractive index; (b) Tauc’s plot of the layers annealed at 500°C; (c) band gap measured by the Tauc’s plot.
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The transmittance of the gig-lox layer settles to an average value of ~80% above the
wavelength of band gap, similarly to what found in the annealed ppg layer (thickness ~550
nm). The comparison for the two layers (Figure 2.17(a)), immediately highlights a different
bandgap in the two materials impacting on the onset of the transmittance curve. As a matter
of fact, Figure 2.17(b) shows two different bandgaps extracted by the related Tauc’s plots.

In both kind of materials, the annealing causes an increase of the bandgap (see Figure
2.17(c)) with respect to the as deposited values. This is explained by a lattice ordering which
is definitely settled at 500°C, in agreement with the XRD and Raman data. Accordingly, the
changes in the extinction coefficient k are reported in Figure 2.11(a). The bandgap value
measured in the gig-lox TiOz layer after annealing is 3.7 eV. Although this is more than what
expected in an anatase bulk layer (3.1-3.3 eV), it is not surprising that nanostructure TiO2
exhibit a higher bandgap due to the low dimensionality of the system, as reported in ref
[172]. The superior nanostructuring level of the gig-lox layer with respect to the ppg

accounts for the higher band gaps values shown in Figure 2.15(c).

2.3.4. Surface properties

The X-Ray Photoelectron Spectroscopy (XPS) technique provides surface analyses to
elucidate the chemical bonding established between titanium and oxygen atoms in the two
kinds of TiO:z layers. The investigation was carried out after thermal treatment at 500°C to
reset and to level the surface conditions. The binding energy (BE) scale was calibrated by
centering the C 1s signal, due to the adventitious/hydrocarbon carbon, at 284.7 eV. The
titanium contribution (Figure 2.18(a)) shows the typical spin-orbit doublet with the Ti
2p3/2 component centered at 458.50 eV and Ti 2p1/2 component centered at 464.30 eV. The
0 1s signal (Figure 2.18(b)) shows a main component at 530.05 eV (O 1s) attributed to TiO2
and a shoulder, that is composed by two bands at 531.2 eV (-O-H, due to Ti-OH groups)[173]
and at 532.20 eV (-0-C=0, due to carbonate species from C adventitious). The Ti:O atomic
ratio is ~1:2.2. The not perfect accordance with the oxide stoichiometric value is likely
related to the presence of the hydroxyl/carbonate groups on the surface. On the other hand,
in the same regions (see Figure 2.18(c,d)), the ppg layer shows similar contributions
(slightly shifted in BE but inside the instrumental error, +0.2) in the gig-lox layer. The

difference relies on the larger abundance of -0-H and -O-C=0 groups present on the TiO2 ppg
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surface. In Table 2.6 the values in BE and relative atomic percentage upon deconvolutions
of the O 1s band for both samples are listed.
The finding of hydroxyl groups decorating the TiO> surface is expected to have an impact

on the hydrophilicity/hydrophobicity of the material, as further investigated in Chapter 4.
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Figure 2.18: HR-XPS spectra of TiO2 gig-lox and ppg layer annealed at 500°C in (a,c) Titanium and (b,d) The Ti:0 atomic
ratio is affected by the presence of some -0-H and -0-C=0 groups on the TiO2 surface.

Table 2.6: Contributions of TiOz gig-lox and ppg layer in the O 1s region.

4.6

O 1s region

532.10

532.40

531.20 9.8 531.20 15.6
530.05 85.6 530.20 77.1
e —
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Chapter 3

Gig-lox TiO: as a scaffold for hybrid solar cells

We here briefly recall some main points on hybrid solar cells technologies and on the
related need of using porous TiO2 scaffolds.

Among the possible applications that can take advantage from the use of TiO2
nanostructures having multi-scale-porosity, DSCs (Dye Solar Cells)[*74175] have been pushed
to a high level of maturity and, nowadays, represent an interesting alternative to
semiconductors technologies.[?2176] As a matter of fact, the light-to-current conversion
efficiency was rapidly raised up to 13.6%[1771 in optimised DSC architectures. More recently,
prof. Tsutomu Miyasaka first initiated the idea of replacing the dye with hybrid Perovskites
(PSC) materials[24456162178] 35 sensitizer, and this innovation allowed getting efficiency
values as high as 22.1%.[6364] In the standard scheme of the photoanode of a DSCI23] or a
PSC,[241 a mesoporous thin film of nanosized TiO2 crystals is deposited on a Transparent
Conductive Oxide (TCO), annealed for grains sintering and anatase crystallization (typically
at 500°C), and subsequently imbued with a photoactive dye[3°179,180,181,182] or infiltrated with
perovskite.[24] In both cases, mesoporous TiOz in the anatase polymorphism has emerged as
a main choice for the cell scaffold.[2262,63,161]

In this chapter, we apply gig-lox TiO2 scaffolds in photoanodes of DSC and PSC
architectures for investigation purposes. Solar cells are also realised to provide the reader

with proofs-of- concept on the mainstays of this new material.

3.1. Dye-Sensitized Solar Cells

The spongy TiO:z gig-lox scaffold offers as mainstay for DSCs its bimodal porosity
further empowered by the finely interconnected pore matrix and by the pore size,
comparable with typical dye size (see chapter 2 for the morphological details). We
demonstrate that this allows standard N-719 molecules deeply and copiously entering the

layer (dye loading) and establishing a multiple-branch anchoring on the pore walls
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(chemisorption). To this purpose, the effect of the solvent, used to dissolve the dye, is also
evaluated using CH3CN (acetonitrile) or CH3CH20H (ethanol) to vary polarity, dipole
momentum (), permittivity constant (€), pKa, Gutmann of acceptor/donor number(183] (see
Table 3.1) in the interaction of the dye with the inner TiO2 surfaces. As a combination of all
the advantages offered by the spongy gig-lox architecture in the dye chemisorption, an
incremental density of photo-generated electrons injected into the gig-lox scaffold by 4
orders of magnitude with respect to the intrinsic carrier level after 1 sun illumination is
recorded. The experiment measures the overall capability of the dye-TiO2 blend to effectively
harvest photons and to drive the photo-generated electrons towards an external load.

The complete solar cells, having the TiO2-dye blend as photoanode, exhibit
performances comparable to reference cells containing a standard commercial TiO2z nano-
array as scaffold, thus testifying that our gig-lox deposition method can definitely compete

with chemical routes.

Table 3.1: Solvents properties used to dissolve N-719 for TiO2 functionalization.

Properties CHsCN | CH3CHOH

Polarity

AN Gutmann

DN Gutmann

3.1.1. Dye chemisorption into the gig-lox scaffold

We exploited the peculiar nano-structuring of the optimised gig-lox layer(65154 and
the high overall porosity (~50% volumel65.1841) to fabricate DSC’s photoanodes. To this intent,
TiO2 layers were sensitized with di-tetrabutylammonium cis-bis (isothiocyanato) bis (2,2-
bipyridyl-4,4-dicarboxylato) ruthenium(Il) (N-719, Aldrich) by immersion into Ethanol or
Acetonitrile solutions with the Ru-complex using a concentration in the range of 2x10-5 - 2x10-4
M for 18h at room temperature in dark conditions. The sensitized layers were withdrawn from the

solution, rinsed in pure Ethanol/Acetonitrile to remove any physisorbed dye and dried under flux
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of nitrogen. In Appendix, you can find the full procedure to build up complete DSCs.

3.1.1.1. Micro-Raman analyses @532 nm

Micro-Raman analyses at high wavenumbers describe some aspects of the interaction
between the dye and its scaffold after dye loading. For the analyses, we applied the same

condition as in Chapter 2.
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Figure 3.1: Micro-Raman spectra of (a) — N-719; TiO2 functionalized with N-719 in — CH3CN or — CH3CH20H; (b) list of
the Raman vibrational modes in the N-719 powder or infiltrated into the TiOz layer (the scaffold).
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Figure 3.1(a) shows the micro-Raman spectra of the TiOz layer annealed at 500°C and
subsequently functionalized with N-719 diluted in CH3CN or in CH3CH20H compared to the
N-719 reference powders. The periphery of the N-719 complex (see molecular structure in
the inset of Figure 3.1(b)) is made of two carboxylic acids, two carboxylates (at the TBA*

side) and two thiocyanate groups. In the reference spectrum, we consistently observe the
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typical vibrational modes related to -COO-, -NCS and also of the bipyridine groups in the
range 1000-2200 cm™ (see in Figure 3.1(b) the complete list) as markers of the molecular
structure. In the spectrum, the contribution of v(C=0) vibrations (1720 cm1) is weak
probably due to some electronic noise and/or fluorescence phenomena.[185]

The main information we extract from the spectrum of the functionalized TiO2 sample
is related to the contribution from the vsym(COO-) mode (peak n°4 in Figure 3.1(a)). With
respect to the reference, wherein the vsym(COO-) mode originates from the TBA-related
groups (two per molecule), this contribution is red-shifted (1389 cm1), larger and relatively
more intense (e.g. compared to the -C=N signal coming from the bpy ring). This represents a
first indication of the dye chemisorptionl18¢l into the surfaces of the porous TiOz layer
distributed over the whole thickness. The other contributions in the spectra, which are
sufficiently intense due to surface enhanced effects, are mostly preserved after anchoring,
excepts for the thiocyanate groups. The v(-NCS) band is, in fact, broader and blu-shifted (at
2066 cm 1) compared to the reference spectrum of the pure dye (peak n°10 in Figure 3.1(a)),
implying that the -NCS ligands feels the TiOz surface proximity.[156.18¢] Unfortunately, the
Raman data do not allow disentangling the role of the solvent in the molecular anchoring, as

shown in Figure 3.1(a), and therefore this aspect was explored by other techniques.

3.1.1.2. ATR-FTIR analysis

To have further and complementary information on the anchoring mechanism, being
the pre-requisite to rationalize the charge transfer, we applied the Attenuated Total
Reflectance - Fourier Transform Infra-Red technique (ATR-FTIR). The penetration depth is

here 1.32 um according to the formulal187]

A
P 7 2m(n2sen?6-n2)05

d (10)

where A is the wavelength of light (2.2 um), 6 is the angle of incidence (48°), and n1 and nz
are the refractive indices of the Internal Reflection Elements (IRE = diamond 2.42) and the
TiO2 gig-lox sample (1.84), respectively. We have especially focused on the range 1200-2200
cm? of: 1) the N-719 dye (powders), 2) the TiO2 meso-porous layer annealed at 500°C
(baseline) and 3,4) the N-719 -functionalised meso-porous TiO2 layer (annealed at 500°C)
using CH3CN or CH3CH20H as solvent. Special focus was addressed towards the two

carboxylic acids, the two carboxylates and the two thiocyanate groups representing the main
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actors for the anchoring,[188:189-190.191.192]

Figure 3.2(a) shows the ATR-FTIR spectra in low wavenumber region (1200-1900 cm-
1) of the four samples. The first finding is represented by the difference, in intensity and
shape, between the spectra of TiO2 without and with N-719. More in detail, the spectrum of
the TiOz layer shows, in the 1300-1700 cm! range, the typical vibrational modes of C-O and
H20 adsorbed on the TiO2z surface; whilst, after chemical treatment with the dye-complex,
those bands are modified (Figure 3.2(a)) gaining a certain similarity with those of pure N-
719: the differences are ascribable to the dye-TiO2 surface interaction. We use as internal
standard the vibrational mode of the bipyridine at 1547 cm-l. On that basis, upon
infiltration/binding, significant variation at the bands of the carboxylate (symmetric and
asymmetric) and carboxylic acid groups are recorded in comparison with the reference
spectrum (the dye). In detail, the bands related to the COOH groups, namely v(C-0) and
v(C=0) at 1227 cm! (n°1 in Figure 3.2(a)) and 1703 cm! (n°7 in Figure 3.2(a)), respectively,
are modified as follows: the v(C-0) overlaps with the Ti-O lattice contribution; the v(C=0)
band is reduced, and this is compatible with a phenomenon of carboxylate deprotonation
which would imply a tendency of the dye-complex to be covalently bonded on the TiO2
surfaces. Note that this information on the behaviour of the C=0 groups after anchoring
complements with the Raman information, wherein the C=0 peak was not detected likely
due to fluorescence effects.

The anchoring geometry of the dye on the TiOz surface is argument of debate and likely
it depends on the specific surfaces exposed. Several research groups,[156.190,191,193,194] haye
used as an empirical criterion the difference in the vibrational stretching of the carboxylate
groups in N-719 (Av = vas(COO-) - vss(COO-)) located in the infrared region (“as” stems for
asymmetric stretching; “ss” stems for symmetric stretching; see table in Figure 3.2(b)). This
approach applies in comparing the isolated state (Avsait) and the adsorbed state (Avads) of the
dyel195] and gives rise to three possible scenaria: 1) Avsait<Avads = unidentate (easter linkage);
2) Avsait>Avads = bidentate chelate or bridge; 3) Avsat>>Avads = chelate (“salt” stands for
neat/solid state, namely the isolated molecules; “ads” stands for adsorbed state, namely the
adsorbed molecules). We explored all those possibilities, also taking into account the high
surface availability to the molecular anchoring due to the high surface to volume ratio

offered by the gig-lox layer (50% porosity, S/V = 0.06 nm: see chapter 2).165
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We have thus measured a Avsait = 246 cm and Avads = 227 cmL. These results lead us
to argue that the N-719 molecules have established a bidentate linkage, being chelate or
bridge-type (Avsait>Avads), to the TiO2z surfaces (see schematic in Figure 3.2(a)). Theoretical
studies!189.196] have highlighted that the bidentate chelation links are unstable, thus leaving
higher the probability of being formed bridging coordinations in our samples. Besides that,
there is a trace of non-reacted -COOH groups testified by the shoulder at 1713 cm-! (-C=0
group, marker n°7 in Figure 3.2(a)) ascribable to not anchored carboxylic acid. A certain
amount of TBA* is recorded on the functionalized sample on the basis of peak n°4 in Figure
3.2(a). No clear differences by using the two solvents can be still discriminated (see Figure

3.2(a)).
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Figure 3.2: ATR-FTIR absorbance spectra of (a) — TiOz annealed @500°C without N-719, — TiO2 annealed @500°C with
N-719 in — CH3CH20H or in — CH3CN and — N-719 powders; (b) list of the Infra-Red vibrational modes in the N-719
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A further important marker on the molecular interaction with the TiO2 surface is
represented by the v(NCS) band which is measured, in the not-anchored molecules, at 2097
cml. Instead, in the chemisorbed molecules it contributes at 2084 cm-!: the band is weak
and slightly blue-shifted with respect to the reference powders. This means that, after dye
loading, a close relationship between the -NCS groups and the TiO2 surfaces is established,
with a consequent modification of the dipole momentum of the ligand (see peak n°9 in Figure
3.2(a) and Figure 3.2(b)). That finding is in agreement with the Micro-Raman data (Figure
3.1(a) and related comments). The implication, weighted on the use of the different solvents,

will be disclosed below by photocurrent measurements.

3.1.1.3. X-Ray Photoelectron Spectroscopy analyses

To go deeper inside the anchoring mode of the dye on the TiO2 surfaces and to
discriminate between the solvents, we have performed XPS analyses in N-719 sensitised
TiO2 gig-lox layers using CH3CN or CH3CH20H to dissolve the dye, in comparison with the N-
719 powder (reference). All HR-XPS spectra reported in Figures 3.3(a-f) were calibrated
using the C adventitious peak (-C-C/-C-H) at 284.70 eV.

The C 1s and Ru 3d HR-spectra of the three samples are shown in Figures 3.3(a), (b)
and (c). The spectra reveal, for the C contributions, four peaks upon deconvolution ie. -
COOH, -COO0-, -C-N and -C-C/-C-H. In the same region, the Ru contributes with typical 3ds/2
and 3ds/2 components of the spin-orbit coupling, being the first one hidden under the major
C 1s peak at a distance of 4.2 eV from the Ru 3ds/2, instead located at 280.55 eV (in the N-
719 powders).[197] It was taken into account in the overall deconvolution procedure.

A main information resides in the broad peak located at around 288.5 eV which
originates from a combination of two contributions due to carboxylate (-COO-) and
carboxylic acid (-COOH) carbons. Regarding the detailed position of the -COOH/-COO- groups
and Ru 3ds,2 peak, we found that they shift toward higher binding energies as the dye is on
the TiOz surface. This phenomenon is in agreement with the shift of the Ti 2p peaks shown
in the Figure 3.4, there explainable by a change in the surface dipole (change the work
function)[1981991 and/or by a change in the Fermi level position in the band gap, which shifts
all the core levels of Ti02[200201] to higher energies. The latter is owing to the anchoring of

the dye molecules through the COO- groups on the surfaces and thus confirms what
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discussed by Infra-Red and Raman spectroscopies.
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Figure 3.3: HR-XPS spectra in the C 1s/ Ru 3d region of (a) N-719 powders, N-719 in (b) CH3CN and (c) CH3CH20H -treated
dye-TiO2 gig-lox layers. HR-XPS spectra in the N 1s region of (d) N-719 powders, N-719 in (e) CH3CN and (f) CH3CH20H -

treated dye-TiO2 gig-lox layers.

In addition, we found that there are relatively more carboxylate groups in the TiO: gig-

lox sample functionalized with N-719 in CH3CN than in the other one sensitized in

CH3CH20H: namely the COO-/COOH ratio is 3.5 vs. 2.3 in the two solvents, respectively, being

instead 1.6 in the reference powder (see Table 3.2). According to this finding, it is expected

that acetonitrile molecules act on the dye deprotonation more than ethanol molecules. This

is consistent with what reported by Azab et all202] on the basis of the Proton-Solvent
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Interaction; namely, since acetonitrile is a weak basic solvent, the H* ion becomes less
stabilized with consequent increase of the activity coefficient of the protons (high pKa value).
The action of the CH3CN at the dye periphery, in particular on the -COOH deprotonation,
finally impacts on a higher probability of chemisorption via the carboxylate groups in the

sample treated in acetonitrile than in the other treated in ethanol.[203,204,205,206,207]

TiO,

TiO, + N-719 in CH.CN
TiO, + N-719 in CH,CH,OH

AP | Ti 2p

2p1n’2

464.34 eV

464.52 eV 458.55 eV
- e

464.45 eV 458.82 eV

458.78 eV

Binding Energy (eV)

Figure 3.4: HR-XPS spectra of — TiO2 gig-lox annealed at 500°C, TiO2 gig-lox annealed at 500°C sensitized with N-719 in
— CH3CN or — in CH3CH20H.

Table 3.2: Ratio between the area of C and oxidized C peaks, area of carboxylate and carboxylic acid groups and average
FWHM from the deconvolution.

Samples Area C/Cox | Area COO/COOH | Average FWHM
N-719 Powders 10.9 1.6 £ 0.2 1.56 + 0.01
TiO, + N-719 in CH,CN 12.9 3.5:0.2 1.58 + 0.01
TiO, + N-719 in CH,CH,0H 15.0 23102 1.57 + 0.01

Figures 3.3(d), (e) and (f) represent the HR-XPS spectra taken in the N 1s region of

the reference powder and of the two differently functionalized gig-lox surfaces. All spectra

—
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were deconvoluted by three peaks: the peak at lowest binding energy corresponds to the
nitrogen contribution in the -NCS group, the middle peak represents the nitrogen in the
bipyridine ligands and the peak at highest binding energy corresponds to the nitrogen in the
TBA* group (tetra-butyl ammonium - the counterions to the -COO- group). More in detail, we
found that the intensity of TBA after dye adsorption is reduced, but not totally lost (Figures
3.3(d-f)), in agreement with Micro-Raman and ATR-FTIR analyses. Moreover, we found that
the contributions in the powders and in the TiO2 functionalized with the dye dissolved in
ethanol have slightly different positions; instead, for the TiO2 sensitized in acetonitrile the
peaks are clearly shifted to higher binding energy and increased in Full Width at Half
Maximum (FWHM). This difference likely reflects an overall stronger interaction of the dye
with the TiO2 surfaces as CH3CN is used as solvent. In addition, we notice that the relative
atomic percentage of the -NCS peak is higher in the sample treated in acetonitrile, as shown
in Table 3.3.

According to all those findings, we argue that, when the dye is dissolved in CHsCN, the
molecular structure of the N-719 is more preserved and more inclined to interact with the
TiO2 surfaces rather than when CH3CH20H is used as solvent due to a different interaction of
the solvent molecules with the dye during anchoring. In particular, using acetonitrile as

solvent increases the probability of surface anchoring via -COO- and -NCS groups.

Table 3.3. Relative atomic percentages in the C 1s and N 1s regions, following the deconvolution procedure shown in Figure
3.3(a-f).

XPS Relative atomic percentage (%) 0.1

Contributi
ontributions N-719 Powders Ti0, + N-719 in CH,CN | TiO, + N-719 in CH,CH,0H

1.5
5.1 5.7 4.5
30.2 19.8 17.2
61.5 73.0 76.5
29.2 6.0 6.3
47.5 79.3 80.7
23.3 14.7 13.0
—
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3.1.2. Dye loading into the gig-lox scaffold
3.1.2.1. UV-VIS Optical Absorption Spectroscopy analyses

We estimated the density of the infiltrated N-719 molecules (Dn-719]) using the
Lambert-Beer law:

Din-719] = [&] xNa (11)

where A is the absorbance, € is the molar absorption coefficient, b is the light path and the
Na is the Avogadro’s number.[208] In our case, the molar absorption coefficient is ~1.4x104
M-1cm-123] (see Table 3.4). The data are represented in Figure 3.5(a) as a function of the
annealing temperature done before sensitization and also of the solvent used to dissolve the
dye. From the comparison, it emerges that the gig-lox layer annealed at 500°C accommodates
the largest amount of molecules, likely due to the crystallographic improvement of the
surface exposed by the TiO2 rods edges with respect to the starting material, comprising: a)
the faceting of the external surfaces (see Figure 2.15) and b) a likely increased reactivity of
the anatase surfaces in comparison to less ordered surfaces.[23.35209210] Note that a value of
~1x%102% molecules/cm3 is consistent with a complete pore filling as calculated by taking
into account the full volume of the pores and the N-719 size (the volume occupied by each
molecule was ~3.8 nm3).[65] On the other hand, a lower infiltration capability is offered by
the ppg layer in the sample pre-treated at 200°C due to the more compact overall structure
(see Figure 2.8(d)); moreover, grain coalescence definitively obstruct the dye infiltration in

the sample pre-treated at 500°C.

Table 3.4: Molecular density evaluated by UV-Vis measurements and estimated by the Lambert-Beer’s law.

Concentration
(mM)

Thickness

Deposition Grazing angle Annealing
Geometry (deg) Temperature (°C)

Din719)
Absorbance | (Molecules/cm?3)

Solvent
(nm)

CH;CH,OH 3.25x10%°
TiO, ppg + N-719
500 CH;CH,OH 0.02 ~0 ~0
200 CH;CH,OH 0.02 0.098 7.38x10%°
12.7 800+10
500 CH;CH,OH 0.02 0.128 9.63x10%°
TiO, gig-lox + N-719
500 CH,CH,0H 0.2 0.175 1.88x102°
121 400+10
500 CH.CN 0.2 0.184 1.99x102°

At fixed temperature of gig-lox pre-treatment (500°C), the density of infiltrated
molecules is dependent on: 1) the N-719 concentration (from 0.02 mM to 0.2 mM); 2) the
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solvent polarity and the other properties reported in Table 2.1 (CH3CH20H vs. CH3CN). The
change of dye loading with thickness is apparent since the two set of scaffolds (800 nm and
400 nm thick) were grown using different grazing angles (see Figure 2.4(a)). The values are
reported in Table 3.1. The comparison highlights the convenience of using acetonitrile also
in view of optimising the dye loading with impact on the generated/collected photocurrent

(section 2.1.5).
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Figure 3.5: (a) Density of molecules infiltrated into the differently pre-treated TiOz layers (gig-lox vs. ppg). Insets: photos
of functionalized TiO: glasses with the colour depending on the molecular density; N-719 molecule structure and
dimensions. (b) UV-Vis absorption spectra of N-719 in both solvents, CH3CN and CH3CH20H, normalized to the band at 532
nm.

To explore if the solvent has a further role on the optical response of the dye, we
performed UV-VIS optical absorption spectroscopy analyses. The absorption spectra are

shown in Figure 3.5(b).
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In the visible region, the spectra of Ru(II)-complexes containing polypyridyl ligands are
dominated by bands arising from metal-to-ligand charge-transfer (MLCT) transitions, in
which an electron is promoted from a ruthenium dr orbital (HOMO, Highest Occupied
Molecular Orbital) to the m system of the polypyridyl ligand (LUMO, Lowest Unoccupied
Molecular Orbital). The bands in the UV are instead due to intra-ligand transitions (ILCT, -
> n).[211 It is important to emphasize, that the thiocyanate and carboxylic groups
contributions to the HOMOs and LUMOs, respectively, are believed to have an important role
in the regeneration and electron injection performance of dye sensitized TiO2 solar cells.
Then, the preservation of the molecular structure of the N-719 is fundamental, not only for
the chemisorption of the dye molecules into TiO2 layer, but also to increase the electron
injection and then to improve the performances of the DSC.

In the spectra reported in Figure 3.5(b), we observe a solvatochromic shift,[156:212]
namely a slight red shift on the band named A (MLCT little bit influenced of ILCT) and a blue
shift on the band named B (MLCT) when the dye is dissolved in ethanol. The first shift from
389 to 391 nm (red shift) is expected to have resulted from a slightly increased delocalization
of p-electrons in the sample treated in CH3CH20H. The second larger shift from 532 nm to
538.4 nm (blue shift) can have a twofold explanation. One is ascribable to an increase of the
Gutmann acceptor number (AN),['83] being AN = 37.1 in ethanol while AN = 19.3 in
acetonitrile. On the other hand, amine complex transitions usually exhibit a red shift of the
absorption band energies with increasing Gutmann donor number (DN) of the solvent (in
ethanol DN = 20.0 and in acetonitrile DN = 14.1). This correlation has been ascribed to H-
bonding of the solvent with the amine groups.l'83213] A second effect is the different
protonation state of the carboxylic groups of the dye in the different solutions, owing to the
solvent polarity, as observed in ref 212. This is in agreement with what observed in our data
(Figure 3.5(a)), because the polarity of CH3CN (37.0) is higher than that of CH3CH20H
(24.0).[214

3.1.2.2. SEM/TEM/EDX analyses

The high infiltration/chemisorption capability of the gig-lox scaffold by N-719
molecules was further elucidated by combining FE-SEM and TEM+EDX analyses. The data

set is shown in Figure 3.6.
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Figure 3.6: (a) FE-SEM image, (b) schematic of the sensitised gig-lox layer, (c) TEM image of TiO2 gig-lox layer and (d) EDX
spectra (beam diameter: 20 nm) of the N-719 -sensitised TiO2 taken at the interface with the glass substrate to show the
extent of the dye infiltration capability which exploits the interconnected array of nano-pores shown in (c).

The FE-SEM image in Figure 3.6(a) shows the already discussed (chapter 1) forest-
like array of rods structures[215216] with some details to reinforce or complete the landscape
on the strengths of the material, namely: 1) the layer uniformity with flat surface and
interface; 2) a good adhesion with the substrate; 3) uniform rods diameter along the layer,
20-30 nm, with intercalating meso-pores of similar sizel®5]); 4) uniform rods diameter
through the layer thickness (~400 nm); 5) interconnected nano-pore array (better given in

Figure 3.6(c): pore size in the 3-5 nm range).
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Figure 3.6(b) schematically represents the material. Another main peculiarity and
strength of the gig-lox TiO2 scaffold is in the TEM image of Figure 3.6(c). It consists of an
inner nanostructuration of the single rod with pores being nano-sized with dimension
comparable to the N-719 steric hindrance (3.8 nm3).[651 This not only allows a multiplicative
effect on the surface exposed to the molecular functionalization (high surface to volume
ratio) but also potentially makes possible a multi-branch (hereafter called octopus)
configuration of the dye as a sufficient number of anchoring groups are available. The pore
size, in fact, allows not co-planar ligands to simultaneously link to the TiO2 surfaces exposed
by the pore walls in a three-dimensional arrangement. According to the ATR-FTIR and XPS
results, this octopus anchoring geometry is more likely to occur using acetonitrile as solvent
through -COO- bidentate linking groups and likely via additional -NCS groups.[192217]

According to this scenario, EDX data, taken using a 20nm-diameter e-beam probe at
the TEM and shown in Figure 3.6(c), demonstrate that the interconnected nano-pore array
allows a pervasive and deep infiltration of the dye molecules, as testified by the presence of
Ruthenium at the bottom-side of the layer. We notice that the relative amount of Ru and Ti
in the spectrum, once considered the layer porosity and the steric hindrance of the dye
molecules, accounts for the presence of ~9x1019-2x1029 molecules/cm3, consistently to
what measured through the Lambert-Beer approach using UV-Vis data (1-2x1020
molecules/cm3).

This high, deep infiltration and the multi-branch chemical bonding preannounce

positive results on light harvesting and charge injection.

3.1.3. Stability of the anchored dye using a highly polar solvent (Hz0)

To test the strength of the dye linking to the TiO: inner surfaces, we dipped the
sensitised scaffold in pure H20 (solvent with polarity = 80, see Table 3.1 for the other
properties) for 1 week and under 1 sun illumination produced by a solar simulator (SS). The
irradiation time was 2 hours. This condition wants to mimic the operation of the photoanode,
with special regards to the UV irradiation, in the adverse environmental conditions
established by a solvent with polarity higher than that of the other solvents used for surface

functionalization.
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Figure 3.7: Stability test of the photoactive dye molecules infiltrated and anchored into the gig-lox TiO: layer; (a)
Transmittance measurements of — TiOz without dye, — TiO2 with N-719 before and — after solar simulator treatment. We
reported also the absorbance spectrum of — N-719 with its Q-bands. (b) Density of infiltrated molecules before and after
dipping in water for 1 week and the SS applied for 2 h. 100% stems for 1x1020 N-719/cm3.

Figure 3.7(a) shows the transmittance (T) of the TiO2 sample without dye compared
to that of the TiO:z functionalised with N-719 before and after SS treatment. We focus on the
variation of the layer absorbance (-log(T)) at 532 nm wherein a Q-band of N-719 is located.
We found that, after treatment with SS (see Figure 3.7(b)), the sensitized sample has a
slightly decreased (6.5%) density of molecules. Nevertheless, this discrepancy is sufficiently
small to be included into the error bars or (at most) attributed to an exiguous loss of

molecules (e.g. a portion in stacking). The conclusions on the resistance of the dye loading to

-
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the prolonged deep and SS is also corroborated by the comparison of the transmittance data

in the whole range wherein the N719 molecules absorbs (Figure 3.7(a)).

3.1.4. Photocurrent measurements

The combined effect of light harvesting and carrier injection into the TiO:z scaffold was
evaluated by photocurrent measurements done by a simplified method (also viewed as a
crude form of device) that allowed disentangling the bare effects related to the dye/TiO2
blend (light harvesting, carrier injection and collection) from many other
parasitic/additional effects occurring in a complete device. We collected V-I curves in dark
conditions and under illumination (1sun or 22%sun) by using a Four Point-Probe (FPP)
configuration. FPP represents a powerful technique since it provides a direct evaluation of
the electrical response of the Dye/TiO2 blend under illumination without any other
contributions as instead often occurs for indirect measurements. Additionally, it allows
skipping the contact resistance contribution due to the tip-sample interaction, thus baring
the neat resistance offered by the gig-lox TiOz layer to the current flow. We are aware that
the method applied to a porous material can provide overestimated values of the material
resistivity; nonetheless, the fact that the method can be successfully applied (as it is our case)
implies that a percolation path can be arranged such to allow measuring the potential drop
from the front-side of the sample; and it consequently demonstrates that the TiO2 nanorods
and nanograins are finely reciprocally interconnected. In this respect, the relative
comparison between the data depicts a reliable scenario of the material behaviour before
and after sun exposure, in the limit of heating and charging effects that will be discussed in
more details.

Representative V-1 data are shown in Figure 3.8(a) for a layer thickness of 350-400
nm. Similar results are found up to ~500 nm. The relative decrement of resistance values
with respect to that in dark condition is a measure of the surplus of carrier injected into the
TiO2 layer from the dye (the scattering time is invariant since merely a function of the layer
structure). This surplus of injected carriers was maximised by using CH3CN as solvent
(Figure 3.8(b)), being a factor of 10 with respect to the intrinsic carrier level. The value
was measured under blowing to preserve the dye. Be aware that this incremental gain in the

layer conductivity, with respect to the behaviour in dark, could even represent an
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underestimation of the real injected carriers because of eventual trapping effects and also
due to the percolative path which intrinsically reduces the layer conductivity in porous
materials with respect to compact layers. The huge increase of carriers in the conduction
band of the gig-lox TiOz is the proof of all the advantages offered by a combination of material

and proper functionalization, both in terms of carriers injection and collection efficiency.
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Figure 3.8: Photocurrent measurements of TiO2 samples functionalized with N-719. (a) V-I current collected at the internal
tips of the four-point probe (sketched in (c)) as a function of the time (0 stems for the first I-V curve). (b) The extracted
resistivity from the slope of the curves in (a) taking into account the layer thickness (R=resistivity/thickness); the first
values were taken under local blowing to avoid heating under the sun, and to thus disclose the maximum effect of charge
injection and collection. The time stands for the waiting time before a further measurement is done. Note: the effect of the
solvent on the starting values and the resistivity increase in subsequent measurements due to heating, dye damaging,
charging effects. (c) Schematic of the basic principle of the analysis method, wherein the potential drop taken on the front
side between the internal tips accounts for the layer resistivity that depends on the carriers flowing the TiOz layers through
percolation paths. During illumination photo-generated carries cut-down by 2-4 order of magnitude the layer resistivity. It
is also represented how an octopus dye configuration, established inside the pores thanks to a molecular steric hindrance
similar to the pore dimension, is one the candidates that rises the collected photo-current as CHsCN is used as solvent.

As a matter of fact, the overresponse by 1 order of magnitude in the TiOz functionalised
in CHsCN with respect to the analogous sample functionalised in CH3CH20H (same
concentration of the two solutions, namely 0.2 mM, same layer thickness, same TiO2
structure) was explained by some cooperative factors. As first, the raised probability of the
dye to establish an octopus configuration inside the pores by exploiting COO- and -NCS
ligands; this rises the injection probability. Secondly, a positive effect on the molecule

integrity during the sensitization process in solution. An additional positive effect is on the
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absorption range expected on the basis of the reduced HOMO-LUMO gap in CH3CN vs.
CH3CH20H (30 meV)-treated N-719 dye, that can account for a larger IPCE.[218]

In the experiment, we have discriminated the impact of the sample heating by the sun
exposure. In this respect, we observe that, as the blowing on the sample is stopped, the layer
resistance progressively increases if recorded from time to time. This is likely due to a partial
damaging/detachment of the dye and to charging of the functionalised surfaces. Consistently
with the role of heating, the relative increase of resistance after stop blowing is a function of
the sun exposure in terms of power density, being higher under 1 sun exposure with respect
to the case of 22% (22mW/cm?). The starting resistance value can be partially or totally
recovered by a second air blow (see Figure 3.9), giving a feedback on the predominance of
charging on permanent dye damaging. The experiment justifies the first resistance data

(fresh sample) taken during air blowing as representative to describe the transport

behaviour.
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Figure 3.9: Photocurrent data of TiO2 functionalized with N-719 molecules (1.01~102° molecules/cm3) in CH3CH20H
@22mW/cm2, Where not written, the data are collected without air blow.

3.1.5. Prototype Dye Solar Cell

As a first proof of concept to endorse the gig-lox performances, we employed the
described gig-lox scaffold in the architecture of Dye Sensitized Solar Cell. For the
photoanode, a gig-lox TiO2 layer ~1pm thick was deposited on a F-doped SnO:z substrate
(FTO), (for details see Appendix). The dye loading was done using a solution containing

CH3CN/tert-buthanol (1/1vol.) because this mixture represents a choice to further increase

—
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the dye deprotonation and then the number of molecules anchored. The use of this combined

solution is also encountered in the literature. [65182]
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Figure 3.10: I-V curves of DSCs. Devices (~1um-thick) based on gig-lox TiOz layers compared to a reference made by
commercial TiOz pastes (Dyesol 18NR-T) under 1.0 sun illumination. The Cells parameters are listed in the table.

The photocurrent-voltage curve is shown in Figure 3.10 in comparison to that of a
reference cell wherein a scaffold of the same thickness is used exploiting a conventional
(commercialised by Dyesol) array of nanograins. The two device architectures are identical

(details in Appendix) and apply a standard (commercial) FTO (F:Sn02) layer as TCO.
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Photo-conversion efficiencies of 6.3% were measured for the gig-lox layers. The
parameters on the reference cells are similar. The result, although it does not outperform
existing devices in the literature that apply higher sensitized volumes (10 times scaffolds
thickness) and different dyes to get records, needs to be framed in relationship to the scaled
thickness of the scaffold and to the low molar absorption coefficient of the N-719 dye.[124.182]
In the panorama of the recent literature, viable solutions to increase the efficiency facing on
the light harvesting capability of the dye (new molecular engineering) or on the electrolyte
performances (new electrolytes or gel with carrier mobility, stability) have been explored to
further increase the cell efficiency and durability.[218]

Besides them, our issue represents the first demonstration that a sputtered TiOz layer
can aspire to compete with chemically prepared ones. Our approach affords the advantages
of an easy integration of the material on large-area-technologies (up-scalability) and
encourages further investigations towards new records in the field of hybrid flexible solar
cells, comprised perovskites-based solutions wherein thinner scaffold (typically around 300

nm) are required.
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3.2. Perovskite Solar Cells

A second proof of concept to endorse the gig-lox performances was provided by
integrating the optimised TiO2z gig-lox layers as scaffold in Perovskite Solar Cells, using a
solution processed CH3NH3Pbls material. The scaffold is that used for DSCs, except for the

thickness which was scaled down for this application.

3.2.1. Perovskite synthesis and properties

TiO2 gig-lox layers, annealed at 500°C 30s in air, were further treated by UV-03 for 10
minutes to clean the surface and avoid the presence of contaminants. The treated layers
were infiltrated with perovskite materials (at the Toin University of Yokohama - Prof.
Tsutomu Miyasaka) by solution processing, via a Cl-assisted one step deposition, and spin
coating (652191 both performed in a dry room with monitored humidity < 20%. Namely, a 40
wt% solution of PbClz and methyl ammonium (MA) iodide (MAI) (ratio 1:3) in dimethyl
formamide (DMF) was prepared at 70°C under stirring for 1 h. The solution was spin coated
on the gig-lox TiO2 at 1200 rpm for 30 seconds; after that, the rotational speed was increased
to 2000 rpm for 6 seconds and subsequently to 4500 rpm for 24 seconds. During the spin
coating, 1 mL of toluene was dripped onto the substrate as solvent treatment to form a
homogenous film. The substrates were then placed on a hot plate, which was raised up to
90°C for 40 minutes, up to 100°C for 10 minutes and finally to 110°C for 10 minutes to
complete the evaporation of the solvent.

Figure 3.11 figures out a resulting blend of perovskite and TiO: gig-lox nanorods. The
samples were stored in vial under a dry nitrogen atmosphere immediately after preparation
to avoid triggering any degradation before the analyses.

The fresh perovskite has a brown color as shown in Figure 3.11. It has the MAPbI3
stoichiometry with 14-mcm tetragonal structure consistently with the diffraction pattern
shown in Figure 3.12. According to this finding, the residual content of reaction products,
such as Pblz, is negligible. In the diffraction pattern, contributions from the TiOz scaffolds are

also visible.
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Figure 3.11: Perovskite deposited by spin-coating process. The sketch represent the complete infiltration and coverage of
the TiO2 gig-lox layer by the perovskite.
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Figure 3.12: XRD pattern of the TiOz/MAPbI3 blend and the tetragonal lattice structure of the perovskite at room

temperature.
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As often encountered in the literature,[8388220.221] the layer is highly textured
preferentially exposing (001)/(110) planes as growth planes.  This preferentiality causes the
peaks at 20 = 14.1° and at 26 = 28.4° to be dominant over all the other expected peaks. They
are generated by the same family of crystallographic planes and are replica for multiple
dspacing (002/110 vs. 004/220, respectively). Following our previous works,[221.222] chlorine
atoms do not take part in the perovskite lattice architecture; rather they have a role at the
interface with the TiO2 substrate to trigger the texturing of the large MAPbI3 grains that
provides the layer with a high degree of spatial uniformity.

The absorption behavior of the MAPbI3 layer is shown in Figure 3.13 to highlight its
wide-range interaction with the solar spectrum. The figure reports the penetration depth (x)
of the radiation at different wavelengths with cutoff at the bandgap: around this value the
photons are able to enter 250 nm of material and to be absorbed therein. This implies that
solar cells can be made just employing thin layers of such perovskite material to absorb a

wide spectrum of photons. For silicon, several hundred microns are needed; for DSCs tens of
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Figure 3.13: absorption coefficient of the perovskite layer determined by spectroscopic ellipsometry analyses, compared
to the solar spectrum. X represents the penetration depth of the radiation into a MAPbI3 layer.
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3.2.2. Perovskite loading

The surface morphology of the TiO2/MAPDbI3 blend was explored by FE-SEM imaging.
Representative results are shown in Figure 3.14. The gig-lox layer used is 150-200 nm-thick.
The surface of the sample is made of MAPbIs grains having size 1-5um, or even more than
that. The flatness and large size of the MAPbI; grains are mutually correlated and associated
to the texturing of the material along the preferential crystallographic orientations found by
XRD analyses, as effects of the growth procedure in presence of Cl species.[?21] The inset
visualizes a grain boundary network that makes the MAPbI3 grains closely interconnected.
The TiO2 nanorods are not visible in top-view thus envisaging that the TiO2/MAPDI3 is closed
by a cap of perovskite. We thus expect a complete filling of the TiOz pores under the cap, with
the overall scenario depicted by the sketch in figure 3.14.

Figure 3.14: FE-SEM images of fresh MAPbI3 (a) at low and (b) at high magnification. The sketch represents the complete
pore filling of the gig-lox rods capped by a layer of pure perovskite.

The extent of perovskite infiltration into the gig-lox scaffold was evaluated by Scanning
TEM (STEM) and EDX analyses. STEM is very sensitive to species with high atomic number
(Z), and thus gives evidence (mainly) of the spatial distribution of the Pb atoms. In this
respect, Figure 3.15 shown Pb atoms atomically distributed through the layer or aggregated
in nanometer spheres giving a bright contrast in the images. This results from the (mainly)

vacuum-induced degradation,[219.221] of the starting perovskite layer. Perovskite degradation
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occurs by creation and loss of volatile species,[219221] and this causes iodine leaving the
sample likely in form of HI. The consequent huge volume contractionl61l with respect to the
initial perovskite distribution is responsible for the spatial discontinuity of residual Pb
species observed in Figure 3.15. Nonetheless, the integral amount of Pb atoms, compared to
the Ti counterpart (see EDX results in Figure 3.15), accounts for a starting complete pore

filling inside the TiO2 scaffold.
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Figure 3.15: STEM and EDX analyses on the TiO2 gig-lox layer after CHsNHsPbls infiltration. In the STEM images, the Pb
nano-aggregates (white Z-contrast) result from the perovskite degradation under high vacuum conditionsl2191 and are used
as markers of the original distribution of the perovskite layer. Notice how the Pb aggregates nicely stack into the pores; also
follow the Pb atomic distribution into the bottom part of the layer. Here the Pb/Ti atomic ratio is ~1/10, close to what
expected by combining their atomic density in the starting CHsNH3Pbls (~3Pb/1nm3) and in the TiOz layer with the gig-lox
porosity (CHsNHsPbls/TiO2 ~40% in volume) in a regime of complete pore filling.

Although the information on the continuity of the perovskite coverage over the TiO2
rods is lost, the distribution and location of the Pb agglomerates account for the capability of
the perovskite to deeply enter the structure (Pb distribution used as marker). As a matter of
fact, in the STEM view of the top region of the sample, the Pb nano-agglomerates are
vertically stacked into the TiO2 pores. A different scenario is encountered in the bottom part
of the layer wherein the Pb is atomically distributed (not aggregated) through the TiOz layer

even entering into the nano-pores, as further supported by EDX profiling. The coexistence of
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atomic and clustered Pb is found in the middle part of the layer.

The results indeed indicate that the perovskite enters the TiO2 scaffold with a diffusion
profile. This reinforces the fact that, scaling the gig-lox layer thickness to a value of 150-200
nm represents a strategy to get a uniform distribution of the infiltrated perovskite. This
reduction of the layer thickness also positively combines with the high absorption coefficient
offered by the perovskite materials (Figure 3.13)[2445.60] (the dye, instead, having a relatively
low absorption coefficient, forces the TiO2 thickness to be more properly around 10 um to

increase the density of light absorbers).

3.2.3. Stability of the Perovskite-TiOz blend

In the experiment designed to test the stability of the hybrid Perovskite-TiO2 blend
under heating, the sample was forced to isothermal annealing in the range of 90- 135°C in
controlled atmosphere, as schematically depicted in Figure 3.16. This was done as stress

test to mimic prolonged operation conditions of the materials. The maximum temperature

the cell would really experience under the sun stays around 60°C.

@T = 90°, 105°, 120°, 135°

Figure 3.16: schematic representing the thermal stress test experienced by the gig-lox TiO2/MAPbI3 blend to mimic its
operation under the sun. The two photo are taken before and after prolonged thermal stress.

The diffraction pattern of the blend is collected vs. time during each isothermal
heating path, while the diffraction chamber is kept at 55+t5% HR (relative humidity), i.e.
intentionally under the threshold of hydrate phase formation[223.224], A fresh sample was
used for each temperature.

As a general behavior, it was observed that the isothermal annealing promotes, during
time, a transition from fully MAPbI3 to fully Pbl2 with a rate proportional to the applied

temperature. Consistently, the color of the sample changed from brown to yellow as shown
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in figure 3.16. In the diffraction pattern, the decrease of the MAPbI3 peak at 26=14.00°
(unique (002) planes in the cubic arrangement) accompanied by the simultaneous increase
of the Pblz peak at 20 = 12.6° ((003) planes of the 9R hexagonal structure) have suggested a
relationship between those two materials (Figure 3.17(a)). The same decreasing trend is
observed for the (004) MAPDbI3 peak at 26 ~ 28.23°, which is crystallographically linked to
the peak at 26 ~ 14.00° (the same family of planes); moreover no other peaks related to the
perovskite layer emerged in the diffraction pattern during annealing. On the basis of these
findings, we can conclude that the perovskite layer is progressively changing in Pblz without
any reorientation of the grains.[2191 We measured the (110/002) MAPbIs peak area and used

this parameter as marker for the degradation.
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Figure 3.17: (a) XRD patterns collected after at 1500 minutes annealing in air at different temperature; (b) kinetic analysis
and fitting of the degradation curves of blend samples annealed at four different temperatures (90°C, 105°C, 120°C and
135°C) in air; (c) Arrhenius plot of the kinetic constant and activation energy extracted in air condition. All data are
collected in dark conditions.

In the procedure of quantitative data analyses, we assume, on the basis of what
experimentally observed, that: 1) the degradation of the material occurs without re-
orientation of the original crystal lattice and 2) the degree of the texturing is maintained
during the degradation reaction. The MAPbI3 percentage was obtained by applying the

following equation:[225]

y = [MAPbL; %] = [(Af("t)) x 100] (12)
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to the data in Figure 3.17(b), where Ao is the area of the (002) peak at t = 0 and Ai is the
corresponding area at t = ti. In air conditions, therefore in the presence of moisture, the
degradation curves follow the behavior shown in Figure 3.17(c). For all the temperatures
analyzed, the rate of the degradation is constant and thus the curves follow zero order
kinetics.

The kinetic constant k was indeed extracted by the degradation curves using the
following relationship:

y = [MAPDbI; %] = [k(T) x t] (13)

As expected, k(T) is a monotonically decreasing function of the annealing temperature.
The kinetic constant obtained by the fitting procedure was used in an Arrhenius plot to
extract the activation energy (Ea) describing the degradation process of the layer using the

following equation:

Ea

k(T) = koe KsT (14)

where Kz is the Boltzmann constant. The value obtained for degradation reaction of the
MAPDI3 in air ambient is ~0.87 eV. We emphasize the predictive role of the Arrhenius-type
plot in terms of degradation times at temperature more similar to the working temperature
(e.g. 60°C). We can also reason on the mechanism of perovskite degradation. In fact, zero
order reactions (that proceed by constant rates) are usually catalytic reactions occurring in
the presence of an excess of reagent, like in heterogeneous catalysis, biological reactions
catalyzed by enzymes. In all these cases, the presence of an external factor (e.g. catalyst)
promotes the reaction until all the reactant is converted into the product. On this basis, we
attribute the zero order degradation process, observed during isothermal annealing in air, to
the catalytic action of water molecules present as moisture.[°1]

At the beginning of the transition, indeed, the amount of the perovskite material is so
high that the transformation rate is independent of the perovskite concentration because
water molecules have enough methylammonium molecules disposable to react with (see
Figure 3.17(b) and related fitting curves). In this case the rate is constant because it depends
only on the concentration of the catalyst that is constant during the reaction process (by
definition, a catalyst is reformed after catalytic action). When the amount of the MAPbIs is
low enough and the amount of the MA* groups indeed becomes comparable with the amount

of available water molecules, the MA* cations become the limiting reagent so that the rate
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does not depend only from the amount of the catalyst but also from the amount of residual
MA*. Thereby, the degradation curve at the end of the transition is expected to bend as shown
in Figure 3.17(b) (105°C).

Although the stress test prospects a degradation of the blend over more than 6 days at
constant temperature of 90°C, we rather remind that 1) the real operation temperature will
stay under this threshold; 2) the photoanode is constantly kept at the stress temperature
under the sun operating cycles; 3) the photoanode is not protected and thus directly exposed

to external agents such as water to exaggerate and study the effect of water molecules.
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Figure 3.18: dissociation energies for defect formation into the perovskite lattice and related schematic indicating that the
presence of water molecules act reducing the barrier for defect generation, especially at the grains boundaries
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Our results accounts for the action of water as catalyst which reduces the activation
energy for defects formation inside the perovskite layer compared to the predicted
values.[88.219,221,226,227] The presence of grain boundaries in the layer can further promote the
disaggregation of the cage via the action of water molecules diffusing through those

pipelines. The scenario is depicted in Figure 3.18.

3.2.4. Prototype Perovskite Solar Cell

To tailor the device architecture, our findings definitely authorized to scale the gig-lox

layer thickness to 150 nm and to use it in a blend with solution processed MAPbIs in a
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complete pore filling arrangement. The related cell performances are shown in Figure 3.19.
The cell architecture was that used by Prof. T. Miyasaka and co-workers (meso-structure).
The solar cell based on the gig-lox TiOz scaffold exhibited a photo conversion efficiency
0f 11.7%. Compared to a device fabricated using commercially available colloidal TiOz grains
(commercialised by Dyesol), which reached 10.5% efficiency, it is even better. The I-V curves

do not show hysteresis.
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Figure 3.19: I-V curves of Perovskite Solar Cells. Devices based on gig-lox TiO2 layers (~150 nm-thick) under 1.0 sun
illumination (both are reverse curves). The cell architecture is also schematically drawn.
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The enhanced photovoltaic performances of the gig-lox TiO2 are mainly ascribed to the
higher photocurrent density related to the fine grain morphology of the scaffold. In fact, the
gig-lox TiO2 layer is characterized by small interconnected grains, as seen in Chapter 2 in the
XRD section and in Figure 2.14. An additional value-added for the benefit of the device
performances is given by the capillary pervasive infiltration of the perovskite into the multi-
scale-pores of the gig-lox structure (Figure 2.14); this leads to a more extended TiO2-
perovskite interface that rises the electrons injection efficiency. Although this value does not
represent a record,[3] it states the potentialities of the material and encourages further

optimizations of the TiOz2-perovskite blend and of the overall cell architecture.
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Chapter 4

Alternative materials and applications for future devices

The chapter explores different perspective on 1) novel porous TiO2z nanostructures
grown by a chemical method in alternative to gig-lox; 2) the application of gig-lox layers in a
field different from photovoltaic, namely for gas sensing; 3) the growth of Zn0:Al (AZO) by
low-temperature reactive co-sputtering as a valid alternative to commercial TCO for solar
cells. Specifically, The chapter aims at further elucidating the transversal empowering of
nanostructures and at prospecting their easy integration with AZO in a shared deposition

chamber by low-cost up-scalable processes potentially on any kind of substrate.

4.1. TiO:z micro-flowers deposited by AA-MOCVD

This section is dedicated to my activity at the LMGP (Laboratoire des Matériaux et du
Génie Physique, Grenoble) during a 3-months stage under the supervision of Dr. David
Muioz-Rojas and Dr. Carmen Jiménez. My aim was to be able to produce TiO2 nanostructures
with a technique potentially competitive with respect to the gig-lox method. This technique
called AA-MOCVD (Aerosol Assisted Metal-Organic Chemical Vapor Deposition) is an
assessed technique with capability to grow intriguing nanostructures with high surface to
volume ratio. 1 followed the path signed in the host lab to reproduce micro-flowers

structures using a new deposition chamber.

4.1.1. AA-MOCVD set-up

The AA-MOCVD experimental set-up (see Figure 4.1(a)) is made of two main
chambers: the aerosol formation chamber (see Figure 4.1(b)) and the deposition chamber
(see Figure 4.1(c)). In the first one, a precursor solution is loaded. Beneath, a piezoelectric
plate vibrates (appropriate power and frequency values are settled) to create the aerosol
from the solution. The aerosol flows through the vertical tubes and gets to the deposition

chamber where the sample is located. The sample is heated through a heating plate in contact
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with it. The deposition process is based on the aerosol carrying the precursor molecules

towards the heated substrate, wherein the reaction occurs.
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Figure 4.1: (a) AA-MOCVD experimental set-up, (b) aerosol formation chamber using a piezoelectric plate and (c)
deposition chamber.

4.1.2. TiO:z synthesis

In the solution, titanium (IV)-oxide bis-acetylacetonate (C10H140sTi) and 1-butanol
(CH3CH2CH2CH20H) were used as precursor and as solvent, respectively. The concentration
of the solution was kept at 0.03 M (standard conditions). This solution was made under
continuous magnetic stirring for 2h at 60°C. The AA-MOCVD depositions is based on two
steps, namely aerosol generation and aerosol transportation to the substrate. The deposition

process is piloted by several parameters as reported in Table 4.1.

Table 4.1: AA-MOCVD deposition parameters used for the best process of TiO2 Micro-flowers.

AA-MOCVD parameters

Piezoelectric Frequency (arb. units) 33
Piezoelectric Power (arb. units) 6.3
Concentration (M) 0.03
Pressure (bar) 0.5
Bottom Air (L/min) 5.0
Top Air (L/min) 2.0
Deposition Temperature (°C) 354°C
Nominal Temperature (°C) 490°C
Deposition time (min) 60
Volume consumed (mL) 180.0
Desolution Feeding Rate (mL/min) 3.00
Thickness (nm) 200-300
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The most important parameter for the micro-flowers growth is the desolution feeding
rate (DFR) of the aerosol (analogous to the sputtering rate). This latter can be controlled and
tuned through accurate control on the piezoelectric parameters: deposition time and

substrate temperature, instead, impact on the deposition rate.

Substrate
{A=1.5 cm

[TiO(acac), in CH4(CH,),0H] = 0.03 M
DFR = 3.00 mL/min
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Temperature shown on generator (°C)

Figure 4.2: Comparison between the standard and new chamber wherein is shown (a) the different substrate deposition
and (b) the different chamber neck curvature. (c) Plot of the temperature calibration in both chambers.

Temperature on substrate surface (°C)

To this purpose, a new deposition chamber was used. This was different from the
standard chamber used at LMGP mainly for the sample holder position (see Figure 4.2(a)
for details) and for the chamber neck curvature (see Figure 4.2(b)). Differences in the
substrates temperature were also found through the experiments (Figure 4.2(c)). These

changes are expected to impact on the flux (kinetics) of the reacting species and on the
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reaction path (thermodynamics + kinetics) on the substrate, with repercussions on shape
and density of the deposited materials.

With an appropriate setting of the all parameters, optimized condition can yield to
nanostructures such as micro-flowers.[1371 They are fascinating and promising nano-
architectures, and were considered as a possible chemical counterpart of our gig-lox
material. Thereby, an explorative investigation on the growth of micro-flowers with the new
deposition chamber was initiated through my stage at LMGP. The kind of material was
identified by the density and size of the micro-structures. The density was given by the
percentage of area (area fraction) covered by the flowers on the substrate. This was
calculated selecting an area (100 um?) on the FE-SEM images in plan-view (see paragraph
4.1.3.1). The size of the flowers was described by their diameter, considering a sphere
including each structure. The surface to volume ratio, the other main parameter, were
qualitatively evaluated by SEM images or by applying innovative analytical techniques such

as CDXI.

4.1.3. TiO:z nanostructures characterizations

The structural properties of the TiO2 deposited by AA-MOCVD on Si and glass

substrates were investigated using different spectroscopic and microscopic techniques.

4.1.3.1. FE-SEM analyses

Morphological analyses were performed on the deposited layers by FE-SEM images in
plan-view to complement the deposition step and give a recursive feedback to progressively
and appropriately change the micro-flowers growth procedure.

Firstly, we performed the TiO2 depositions at different substrate temperatures (in the
340-410°C range) and, then, tuning the deposition feeding rate (in the range 2.7-3.3). The
two parameters are expected to impact on the deposition rate through a combination of
incoming flux plus reaction and desorption paths at the substrate side. The data are shown
in Figure 4.3(a). In Figure 4.3(b) we consistently show the integrated deposited volume to
take into account both the size and density of the deposited flowers. The substrate used was
silicon. The flowers are deposited over an underlayer of TiO2, concomitantly deposited

during the process, whose thickness is in the range 200-300 nm.
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Figure 4.3: (a) Desolution feeding rate and (b) deposited volume of TiO2 micro-structures as a function of the temperature
measured on substrate. FE-SEM images in plan-view of TiO2 deposited at (c) 340°C, (d) 345°C, (e) 354°C, (f) 365°C, (g)
370°C and (h) 410°C.

The FE-SEM images in Figure 4.3(c-h) and the data listed in table 4.2 reveal that
flowers are formed in a narrow range of temperatures, namely between 340-354 °C, with a
surface density relatively high but not enough to cover the whole sample surface. The size of
the flowers was found to increase as a function of the temperature in that range, although
the limited extent of the process window does not allow further investigations. In the two
cases explored, the DFR stays around 3.00 mL/min. It was verified that, moving from this,
DFR value affects the morphology of the deposited material even invalidating the micro-
flowers formation. In this respect, see the data taken at a DFR of 2.83 mL/min at
temperatures of 345°C and 370°C. The related SEM images show sphere-like particles with
density and size reducing with increasing temperature. The findings demonstrate that, in the
competition between reaction, desorption and surface diffusion, the flux of species (the

precursor) impinging on the sample surface and the substrate temperature play a major role.

85



Newly-Designed Spongy TiO: Layers by Modified Sputtering Methods for Hybrid PhotoVoltaics

Ph.D. Thesis - Salvatore Sanzaro

We also argue that a low flux of species cannot be compensated by reducing the temperature
to generate flowers, suggesting that high surface diffusion and/or sufficient energy are
needed to make the precursor to properly react in form of flowers. On the other hand,
overcoming the DRF threshold leaves opens the possibility to form flowers on the sample
surface but using reduced surface density and size, as represented by the data taken at
deposition temperature of 365°C. It could be convenient using a DFR of 3.33 mL/min at a
temperature of 354°C to increase the flowers density. To converge towards a detailed
description of the process of micro-flowers nucleation and growth, other experiments are
needed.

Table 4.2 lists all the parameters used and the best conditions (at 354°C, see complete
list of parameters in Table 4.1) to get micro-flowers with relatively high surface density and
size (among those explored). The reference sample was, instead, deposited in the standard
chamber at 400°C, C = 0.03 M and DFR = 3.00 mL/min in 1h, and it is characterized by micro-

flowers having density of 0.12 /um?2 and average size ~2.5 um.

Table 4.2: Data on all samples deposited at different temperatures in the new chamber (340°C-410°C) compared to the
data on the reference sample deposited in the standard chamber at 400°C.

Nominal Deposition Des. Feed. Particles’ Density Average Deposited
Temperature (°C) | Temperature (°C) |Rate (mL/min)| Number | (particles/pum?)

Samples

1
2
3
4 1.79x108
5

6 4.19x10°
| 12 flowers | 9.81x101°

The comparative morphological analysis is shown in Figure 4.4. In our sample, a
higher density (0.14 flowers/um?) but a lower average size of flowers (~1.1 pm) is achieved.
In all, the deposited volume is higher in the reference due to the large size of the flowers.

As a prospective conclusion on the path to improve the use of the new chamber, we
envisage to push forward the DFR if the need is keeping low the substrate temperature
(~354°C); or to increase the substrate temperature toward 410°C provided the DFR is kept
around 3mL/min. This would also allow disentangling the role of the geometry of the

deposition chamber.
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Figure 4.4: FE-SEM images to compare (a) our TiO2 micro-flowers deposited at 354°C with (b) the reference sample
deposited in standard conditions at 400°C. In both cases, an area of 100pm? was used to calculate the density and the
average size of the flowers.

4.1.3.2. CXDI analyses

To look into the 3D architecture of the TiO2 micro-flowers, we imaged representative
samples using tomographic Coherent X-ray Diffraction Imaging (3D-CXDI) based on
synchrotron radiation.[145.146]

As done for TiO2 gig-lox (see Chapter 2) and using the same approach, we deposited on
SisN4 membranes upon gently scratching the sample. We performed porosity calculation and
the 3D reconstruction of the scratched fragment from the best sample (sample n°3 in Table
5.2). Specific sections (Figure 4.5(a)), integrated morphology (Figure 4.5(b)) or 3D
reconstructions are analyzed and evaluated.

To estimate the porosity we use the formulal!>!l reported in Chapter 2 and then we
measure the sample and bulk density by histogramming the grey levels in the averaged slice
(2D Projection) and in the central slice (or 2D Section), respectively. We found the average
value of the porosity to be P (%) = 61+5%. Differently from the gig-lox case wherein a forest
of nanorods was analyzed, the value describes the porosity inside a single flower. Moreover,
using Chimera software also in this case as done for TiO:zgig-lox (see Chapter 2),
we extracted a surface to volume ratio. This latter in the TiO2 micro-flowers is less in favor
of the surfacethan in the TiO2 gig-lox layer, being 0.04 nm- This represents that

the TiO2 micro-flowers expose relatively less surface likely due to its open structure.
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Figure 4.5: (a) Central slice used to obtain the p bulk (2D section), (b) volume representation used to obtain the average p
sample (2D projection) and (c) 3D architecture (3D reconstruction) of the TiO2 micro-flowers obtained by CXDI analysis.
(d) FE-SEM image used as benchmark of the CXDI reconstruction. The sample was deposited at 354°C in the new chamber
(best sample).

4.1.3.3. Micro-Raman analyses @532 nm

Micro-Raman Spectroscopy analyses were performed using a wavelength of 532 nm to
investigate the lattice arrangement inside the flowers. Here we report the results on the

sample deposited at 354°C.
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Figure 4.6: Micro-Raman spectra taken at 532 nm on a micro-flower in the TiO2 sample deposited at 354°C in the new
chamber and on a flat region of the same sample. Beam size = 1xX1 pm?2.

Figure 4.6 shows the spectra of an as deposited TiO2 sample in two different regions,
namely on micro-flower and on a flat region (underlayer), in the range 200-1000 cm1. In
both regions, the sample exhibits a long-range order in the anatase atomic arrangement.[6°]
As a matter of fact, in the spectra, typical vibrational modes of the anatase phase are found
at 399 cm! (Big), 515 cm! (B1g, A1g) and at 639 cm! (Eg). The lattice arrangement is gained
owing to the deposition temperature, being in the range for anatase nucleation in
nanostructures.[172228] On the opposite, the gig-lox layers are deposited at room
temperature, with a process consequently compatible with the use of any kind of substrate

(e.g. plastics).

4.1.3.4. TEM analyses

To deepen the knowledge on the micro-flowers structure and to complement SEM
Raman information, we performed Transmission Electron Microscopy on the sample

deposited at T = 354°C.
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Figure 4.7: plan-view TEM images of as deposited TiO2 micro-flowers (a) scratched on grid. The large area (LA) and the
small area (SA) wherein the SAED (Selected Area Electron Diffraction) shown in (b) and (c) are collected, are also indicated.
(d) High magnification in bright field of a portion of image (a), (e) its SAED and (f) dark field image originating from the
region circled in (e).

Figure 4.7(a) shows the TEM image in plan-view of the TiO2 micro-flowers scratched
on a C-covered Cu-grid, wherein we can observe the petals of the structure. Their orientation
is spread out towards different directions. The electron diffraction patterns (SAED) collected
over a large (LA) and small (SA) area of the sample (Figures 4.7(b,c)) testify the anatase
lattice structure of the flowers (first ring correspond to a lattice spacing of 3.51 A). The result
is in agreement with the micro-Raman data (see Figure 4.6).

In Figure 4.7(d) is reported a portion of the sample shown in figure 4.7(a), viewed in
high magnification that elucidate the fine structure of the petals. Their nanostructuration
accounts for the petals to bend in a wavy shape, making thus possible the peculiar shape of
the flowers. The correspond SAED of the region circled in the Figure 4.7(d) is reported in
Figure 4.7(e) in which we selected a specific spot and performed the analysis in dark filed
(see Figure 4.7(f)). The findings do not indicate a preferential crystallographic orientation

in the micro-flowers structure, and this can be put in relationship with the bending of the
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petals which produces a randomization of the nano-grains configurations. In the dark-field

image, the fine grain structure of the petals can be better appreciated.

4.1.3.5. Optical properties

The optical behaviour of the TiO2 micro-flowers were investigated by UV-VIS
transmission/absorption spectroscopy, with special regards to evaluate the scattering
capability of the flowers. The material is, in a certain measure, transparent with total
transmittance T% ~70%.

Light scattering was evaluated by means of the haze factor through the formulal?29]

Haze Factor (%) = M %x 100 (15)

total

where Taiffuse is the diffuse transmittance and Tt is the total transmittance. Diffuse
transmittance was measured by the scattered light fraction out of the integrating sphere.
Figure 4.8 shows the Haze factor and the Tauc’s plot of the best micro-flowers
compared to the best gig-lox samples. The Tauc plot of TiO2 micro-flowers gives an optical
gap (3.57 eV) lower than that found in the gig-lox layer (3.76 eV). This is partially due to the
lower degree of nanostructuration of the flowers compared to the gig-lox forest of rods, but
itis also due to the presence of the unstructured layer under the flowers.[135] The discrepancy

with the bulk value (3.3 eV) is in agreement with what reported in ref [172].
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Figure 4.8: (a) Haze Factor comparison between the — TiO2 micro-flowers and — TiOz gig-lox layer. (b) The corresponds
Tauc plot.
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4.1.3.6. Contact Angle and perspective

The wettability of the films was evaluated by contact angle (CA) measurements done
using a water droplet. The property relies to the evaluation of the impregnation attitude of
the layer for surface functionalization in a solvent.

In Figure 4.9 is reported the CA trend as a function of the time exposure under solar
siflator (SS) at 1.5 W/cm? of the sample. Sun exposure was done to promote the photo-
activity of TiOz through surface modification induced by UV absorption.

The data show the hydrophobic-hydrophilic transition of the TiOz layer.[2301 The CA of
the as deposited TiO2 micro-flowers in dark condition is 133.7%2°, thus disclosing the

hydrophobicity of the starting material.
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Figure 4.9: Contact Angle measurements of as deposited TiO2 micro-flowers obtained by AA-MOCVD in dark and after
exposure under solar simulator at 1.5 W/cm? to observe the hydrophobic-hydrophilic transition.

When the as deposited samples are exposed to solar simulator, their surface
transformed from hydrophobic to hydrophilic (CA = (72+2)°) after 40 minutes of irradiation
at 1.5 sun or super-hydrophilic (CA = (7.44+2)°) after 1h, as shown in Figure 4.9. This
remarkable surface wettability transition can be tuned reversibly. In fact, after the SS-
irradiated films were placed in the dark for three weeks, their hydrophobicity was gained
back. When the film is irradiated, the photo-generated holes in TiO2z by UV absorption[231]
react with oxygens in the lattice to form, especially at the surface, oxygen vacancies. Water

molecules from the ambient kinetically coordinate with them. This enhances the surface
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hydrophilicity greatly. Thanks to the rough surface of flowers, the water droplet fills the
grooves along the micro-flowers and replace the trapped air. When dark is reestablished,
after hydroxyl groups have decorated the surface, an energetically metastable state is
settled, and the adsorbed hydroxyl groups can gradually be replaced by atmospheric oxygen
during time.[232] Thereby, the surface evolves back to its original state, and the surface
wettability converts from super-hydrophilic to hydrophobic again. This result indicates that
the surface structure strongly affects the wetting behavior.[233.234]

It was verified with a similar experiment that the gig-lox TiO:2 layer behaves as a
hydrophobic material in dark condition. Consistently, a CA of 100.5° is measured. The
hydrophilicity of the gig-lox layer can be partially recovered by a thermal treatment, with
the advantage of making the surface more inclined to react with -COOH bearing species (e.g.
N-719 in DSCs) or with water-killed species (e.g. MAPbI3 in PSCs).

To summarize, TiO2 micro-flowers films with special micro- and nanoscale surface
structures have been prepared. A remarkable, controllable surface wettability that shows
reversible hydrophobicity/super-hydrophilicity is observed on this inorganic oxide layer.
The cooperation of the surface microstructures, and the surface photosensitivity are
considered to be mainly responsible for this behavior.

All those properties prospect a certain degree of applicability of the structures for surface
functionalization after having faced some issues mainly related to the material uniformity

and up-scalability.
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4.2. Gig-lox TiO: for gas-sensing

Going back to the gig-lox processes, in this paragraph, we aim at demonstrating that
the gig-lox TiOz layer is a versatile material that can be applied in a field different from PV,
e.g. for gas sensing. This experiment demonstrates the transversal empowering gained by

the uniformity of the spongy structure and by its bimodal porosity.

4.2.1. TiO: gig-lox integrated in sensing device

TiO2 gig-lox layers were used as active material for gas sensing in resistive state-of-
the-art read-out devices made by STMicroelectronics in the context of a scientific

collaboration (Dr. Antonello Santangelo R&D group).
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Figure 4.10: (a) Schematic showing the package cavity, the device and the metallic shadow mask for confined deposition
of the spongy TiO:z layer; (b) Optical image of a suspended micro hot plate, showing the interdigital electrodes and heater
made of Pt/Ti films; (c) FE-SEM image of the device cross section taken through the sensing array.

The deposition process follows the procedure discussed in Chapter 2; the integration
of the TiO2 gig-lox into the device is done with the simple application of a shadow mask to
confine it into the sensing area (Figure 4.10(a)). The layer thickness is 350 nm and the
porosity ~50% volume; the layer is deposited at room temperature over the interdigitated
Pt fingers shown in Figure 4.10(b). The Pt fingers have the role of collectors and

transporters of the electrical signal coming from the active TiO2 layer during operation in a
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gas ambient. The choice of the layer thickness relates to the morphology of the Pt fingers
(200 nm in height); nonetheless, it can be eventually scaled-up or down to be integrated over
fingers with different geometries (Figure 2.11(b)). The TiO2 layer distributes along and in
between the metallic fingers array through a conformal coverage that allows collecting the
injected current during sensing (Figure 4.10(c)).

The sensing material does not require any sintering/firing process after deposition. We
additionally exploit the value-added of a porosity unaffected by temperature and humidity,
main parameters during operation of the sensing device. Underneath the sensing structure,
a micro-hot-plate is used to set the working temperature, needed to activate surface
reactions, directly on the active material. The material integration in all is 1) extremely
simple and 2) implementable over any device architecture.

Note that this technology, since it applies thin active layers instead of thick layers for
sensing,[2351 is convenient in terms of saving materials/costs and reducing waste. As a further
value added, the TiOz layer is locally heated over the integrated free-standing temperature
source to avoid unwanted temperature-related effects on the overall structure during
operation.

We are going to demonstrate the high sensitivity, response time and stability of such
sensing structure to ethanol, and the relationship between the sensing parameters with the
branched nanostructure and surface reactivity of the material. Also in this application, a
special empowering is offered by the multi-dimensional pore structure and pore
interconnection that promote gas infiltration and reaction deeply into the layer.

The use of this approach would represent a step forward in the sensing field to the
extent that it combines, on one side, an easy technological transfer to large areas and, on the
other side, a severe positive down-scaling of the active layer thickness without

compromising the sensing performances.

4.2.2. Characterizations

The paragraph aims at investigating the properties of the material in conditions which
mimics the operation in a device, with special regards to the working temperature settled
through the integrated micro-hot plate. We consistently explored a temperature range

between 250°C and 500°C.
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4.2.2.1. Structural properties

In situ X-Ray diffraction analyses were collected over a 350 nm-thick layer during
isothermal annealing at 300°C in air conditions to reproduce the material operation in a low-
temperature-working sensor. The analyses were repeated after a heating time of 50 minutes
in order to eventually follow the material transformation over time. The annealing time was
prolonged for 36 hours without any visible lattice long-range restructuration-giving rise to
diffraction peaks.

To force a long-range restructuration of the material, a fresh sample was annealed at
500°C in air. The lattice structure was investigated by combining the information coming
from symmetric and grazing incidence analyses. The estimated penetration depth in grazing
at 0.4°is ~100nm. The resulting diffraction patterns (see Figure 4.11) account for a body-
centered tetragonal arrangement of TiO2 in the anatase lattice. The comparison with a
reference powderf161.180.236] (randomly oriented by definition) allows concluding that the
anatase domains are preferentially oriented with the [001] direction being the preferred one
for growth. Similar footprint in grazing incidence implies that the preferred growth axis
opens in fan shape for a reason linked to the growth procedure (source in grazing + sample

rotation under flux).
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Figure 4.11: Diffraction patterns in — symmetric and — grazing incidence geometries of a 350nm-thick TiO: layer
annealed at 500°C for 5’ being restructured in the anatase lattice; the — green bars are related to a reference anatase
powder having body centered (b-c) tetragonal structure with a=b=3.785; c=9.514. Note that the (101) peak is expected as
the most intense one in a randomly oriented poly-layer. In the inset: the average dimensions of the nano-grains, in full
agreement to what locally shown by TEM cross-section image. This latter showing the material arrangement by nano-grains
in a matrix of pores.
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This finding is agreement with the TEM cross-section image given in inset of Figure
4.11 to recall the fine structure of the layer. The nanograins have dimensions in the range of
5-30 nm, as confirmed on average by XRD results (hereafter); the nanopores are in the range
of 1-5 nm. They are well interconnected and large enough to be deeply infiltrated by gas
species. The larger pores between the spongy grains, arising from the shadowing effect.[65]
during growth, are potential pipelines for gas infiltration. The pores matrix originates from
the early stages of the material growth as testified by their crossing the whole thickness.

The preferred orientation of the anatase domains along the [001] direction produces a
(004)/(101) ratio above 1 whilst in a randomly oriented poly-crystal a value of 0.2 is
expected (see Table 4.3). The use of a double acquisition geometry has provided the
complete scenario about not only the domains orientation but also about their size and
aspectratio. The numbers are in Table 4.3. A picture of the grain shape, that results elongated

in the [001] direction by Scherrer-type calculations, is shown in the inset of figure 4.11.

Table 4.3: XRD parameters and calculations.

experiment| expected

domain si . d-spaci t A ! 3

Scan Type | Planes omain size S'(l;;:mg (r::lsxr;;) al area ratio| area ratio
{004)/(101)

] (101)  0.390 21.7 25.22 3.53 39.43 11 0.2
R (101) o0.418 20.2 4.4 25.38 3.51 94.66 13 0.2
incidence
RG] (004)  0.433 20.1 37.85 2.38 43.02
il (00a)  0.448 19.4 6.3 37.91 2.37 123.4
incidence

4.2.2.2. Optical properties

The layer porosity was evaluated in as deposited layers and after specific thermal
treatments tailored on the device operation parameters. According to what discussed in
Chapter 2 (Figure 2.11(b)), the porosity of the gig-lox layer does not sensibly change with
thickness and thermal treatments up to 500°C.

We also explored the optical constants n (refractive index) and k (extinction
coefficient). As representative of the others, the n and k values collected in the range 1.5-4.5
eV over a 350nm-thick layer, before and after annealing at 300°C and 500°C, are represented

in Figure 4.12(a).
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Although the porosity and the lattice structures (XRD) do not sensibly change after
thermal treatment at 300°C, an effect on the bandgap is recorded, which is further enhanced
by the annealing at 500°C. The figure also shows that the refractive indexes of a compact
anatase layer systematically lie above those measured in our porous layers[154160] (see
Chapter 2).

To evidence the behavior close to the bandgap, Figure 4.12(b) shows the Tauc’s plot
for TiO2z layers annealed at 300°C. The comparison with the as deposited layer highlights
that, provided the thermal budget is kept low enough (annealing time within a range), the
TiO2 response remains unmodified. Prolonging the annealing time tentatively to 36h has,
instead, induced modification explainable by the formation/activation of defects states;
consistently, the absorption tail has moved downwards with a gap tentatively measured at
~3.5 eV (Figure 4.12(b)). Note that sample exhibits a certain absorption probability at
energies lower than the 3.5 eV.

Figure 4.12(c) reports, instead, the case of a sample after a thermal treatment at
relatively high temperature (HT = 500°C) for short time, which induces the complete
annihilation of defects with consequent increase of the bandgap. The bandgap value
measured after the HT annealing settles to 3.6 eV. Although this is more than what expected
in an anatase bulk layer, it is not surprising that nanostructure TiOz exhibit a higher bandgap
due to the low dimensionality of the system, as reported in ref [172].

Our structural findings summarize by saying that the annealing of defects is a process
internal to the nano-grains, due to the TiOz lattice restructuration in the anatase form, which
does not affect the layer porosity. We also learn that, despite the overall lattice
restructuration, the branched structure of the material is preserved without grain
coalescence. We are going to additionally demonstrate that the reactivity of the exposed
surfaces in the gig-lox layer is not negatively affected by the annealing even if 500°C is used

as working temperature for sensing.
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Figure 4.12: (a) refractive indexes (n) and extinction coefficients (k) of a porous 350nm-thick layer before and after
annealing at 300°C and 500°C in air (40%RH) in comparison with a compact TiO2 anatase reference material: in all cases,
n and k are systematically lower than in the reference. Tauc’s plots (indirect band gap) of the absorption coefficient
measured in TiOz layers annealed at: (b) 300°C vs. annealing time; a prolonged annealing time drives the material through
a transient state, which modifies the gap region. (c) 500°C for 5’: the extracted energy gap (Eg) denotes a process of lattice
ordering with respect to the starting point and that the material has reached a steady state.
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4.2.2.3. Sensing behaviour

The electrical response (resistance) of the device was evaluated at two different
working temperatures using ethanol as gas target. During operation, the reaction of ethanol
vapour with the TiOz surfaces leads to a decrease of the device resistance. A well-established
surface-depletion model is considered to explain the phenomenon.[237.238] Before getting in
touch with the gas species, the TiO2 surfaces spontaneously interact with the atmosphere
having an inherent tendency to adsorb oxygen atoms. The atomized oxygens pick up
electrons from the TiO2 surface layer and, accordingly, the electron density is locally
depleted with the formation of a surface depletion region. Note that our material is mostly
surfaces and that the depletion region can occupy most of the single branch volume (see
inset in Figure 4.11). When a reducing gas (e.g. ethyl alcohol) comes in contact with the
modified TiO2 surface it tends to react with negatively charged oxygen atoms adsorbed on
the surfaces. In the process, creating COz and Hz20 species, electrons (6 per CH3CH20H
molecule) are finally injected into the conduction band of TiOz. This causes the resistance of
the material to decrease.[2392401 The response is expected to depend on the gas species
concentration.

A typical figure of merit is shown in Figure 4.13, wherein a fast response and a high
sensitivity is recorded after injection of 44 ppm of ethanol at 40% humidity and working
temperature of 300°C. A high recovery time can be also observed (close reaction chamber
which mimics the operative conditions).

We explain the high performances of the device according to the branched TiO2
structure and the special pore matrix. Gases molecules are, in fact, favoured to enter the pore
array through the pipelines offered by the meso-pores (coming from the shadowing
strategy) to quickly imbue the structure through the interconnected fine array of nano-
pores. The fast response and high sensitivity of the sensor are thus related to the high
accessibility of the volume of the material (driving response and recovery time), to the high
offered surface to volume ratio and to the good surface reactivity. All those strengths allow
using thin active layers for sensing of low ppm of gas species at low working temperatures.
Other branched TiO2 materials have lower response to the same gas[?41l probably due to lack
of an effective network of electrical interconnection or to a minor surface to volume ratio

instead enhanced in our gig-lox structure.
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Figure 4.13: Change in the device resistance due to sensing of 44 ppm of ethanol (concentration value after calibration) at
RH 40% - The working temperature is 300°C. On the top: the sensing device.

After sensor stabilization in air, the analyses were repeated changing the ambient
humidity from dry condition to 60% RH at 300°C. The maximum sensitivity value, reached
in dry air, is as high as 99.8. Nonetheless, the dependence on relative humidity is almost
negligible (<1%) in the range explored, the response varying from 99.8 to 99.3 in dry and
60% RH condition, respectively. The response time, defined as the time for the gas response
to get to 90% of the final equilibrium value when the gas is turned on, is also competitively
low, being in the range of 10-16 sec. Other nanostructured materials reported in the
literaturel239242] claim response times lower than 20 sec; but, among the others, in ref
[239240] an unstable response is recorded at gas concentrations lower than 100 ppm or in
ref [241] a stabilization process (firing) in air at 300°C is needed to allow the sensor to work
properly. On the opposite, the low response time exhibited by our gig-lox layer was to just
44 ppm of ethanol and without the need of a post deposition firing. We additionally
emphasize that in our devices the TiOz layer thickness used is competitively low (350 nm).
In some other cases, e.g. using Sn02-Zn0 powders for sensing, the response-recovery times

is high (96-400 secl2431 at 100 ppm of ethanol): or, in case of short response/recovery times
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for powders (e.g. 13/8 for Ti02),[172] the industrial implementation suffers from several
practical constraints (e.g. implementation of powders in devices, materials consumption).
We further notice that our results tightly compete with very recently published results in the
literature results[244] (the section report also an interesting overview vs. the deposition
method of the active layer).

A stress test at a temperature of 500°C 5min was applied to explore aging effects or the
extent of the material durability. The annealing was locally done on the finite sensor directly
on the membrane using the integrated heater in such a way that the architecture did not
suffer from the thermal budget. We found that the gas response was not sensibly affected by
the annealing, varying by about 10%. Keeping high the performances of the sensor even after
annealing at 500°C testifies and further confirms that the layer porosity and the reactivity of
the internal surfaces are not sensibly affected; and in that resides the strength and novelty
of the gig-lox strategy applied to TiOz for sensing. For strict application purposes, the results
on the applied stress test at 500°C prospect a long-time stability of the sensor operation,
further expandable in a pulsed operation mode; additionally, they demonstrate the
compatibility of the material with eventual additional thermal budget needed for the overall
sensor architecture.

The sensor response was finally tested after further reduction of the operation
temperature. In Figure 4.14 we show the sensor response as a function of vapour
concentration in a range for high sensitivity devices, and using a working temperature of
250°C compared to what found at 300°C (40% RH).

A slightly lower response is obtained at 250°C compared to what found at 44 ppm of
ethanol using instead a working temperature of 300°C, likely due to a minor thermal energy
that impacts on the probability of gas linking at the TiOz surface or/and due to some slight
changes in the surface reactions paths or/and due to a change in the barrier to charge
injection. Besides this small gap in the response by reducing the temperature, our gig-lox
TiO2 engineered scaffold affords a high capability of interaction with ethanol at low
temperature exploiting small active volumes (hundred-nm-thick layers), with its high
sensitivity mainly related to the pervasive infiltration network (the voids array), to the high
surface to volume ratio and, additionally, to the finely interconnected branched nano-rods
matrix. From the data in Figure 4.14 we additionally observe that the gig-lox sensitivity to

ethanol settles high even reducing the gas concentration to 17 ppm.
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Figure 4.14: Sensor response as a function of the ethanol concentration at 40%RH. The concentration values were
calibrated by the weight loss in the ethanol bubbler.

To summarize, we demonstrated that a sputtered TiOz layer can be raised to the level
of a high sensitivity gas sensor owing to the implementation of the gig-lox growth strategy,
being new in the sensing landscape. The technique is intrinsically up-scalable and therefore
industrially compatible, so that it was easily applied to build-up the architecture of complete
sensing devices. The novelty of the technique resides in the capability to produce spongy
material in a wide range of thicknesses, here demonstrated from 350 nm to 1000 nm, with
porosity being constant through the whole layer. Although the spongy TiO2 layers do not
need a firing process at high temperature to be used for sensing, we have anyhow
demonstrated that its porosity is preserved in the range of 47-51% vol. by annealing up to
500°C. The annealing at 500°C has an effect on the bulk stabilization of the TiO2 rods in
reducing defects states, potentially trap-centers for the injected electrons into the depletion
regions. Nonetheless, only a slight change on the responsivity of the sensors was observed
after annealing. Thereby, this thermal budget, that is not strictly needed, can be eventually
applied for additional production steps without negatively impacting on the sensing process.

The high surface to volume ratio, the high surface reactivity, the pervasive network of
voids and the interconnected TiO2 nano-branches offered by the spongy gig-lox TiO2 layer

allowed getting a high sensitivity to ethanol in the range of 17- 87 ppm using a layer which
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is just 350nm, with the exhibited sensor response ((AR/R)x100) in the range of 80-100,
being not sensibly affected by the ambient humidity up to 60% RH. In the branched structure
of the spongy layer, the meso-pores are highways to pilot the gas through the whole
thickness and nano-pores serve to finally imbue the layer such to extensively exploit the
internal surfaces of the sponge. Thereby, the working temperature of the sensor can be easily
reduced to 250°C.

Demonstrating high performances in sensing devices using our innovative active layer
with extremely scaled thickness integrated by a simple procedure represents an important
step forward both in terms of materials saving and in terms of industrial benefits. We
additionally emphasize that our gig-lox method could in principle be extended to other kind

of oxides and applied to detect any other gas species bearing an —-OH anchoring group.
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4.3. ZnO:Al as a TCO for hybrid solar cells

DSCI23.245,246] and PSCIZ4247] both benefit from the high performances of the TCO used
to collect the photo-generated charges.[65179,180,244,248,249,250] [t mainly impacts on the series
resistances, and therefre itis required to be a low-resistivity material. Nowadays, Indium Tin
Oxide (ITO) films are predominant as TCO in practical applications. However, Al doped ZnO
(ZnO:Al = AZO) films represent a potential alternative choice to ITO mainly because of their
competitive electrical and optical properties, cheap and abundant raw materials, nontoxic
nature, long term environmental stability and easy fabrication. It could be even deposited at
low temperature for applications on flexible substrates.[251]

We here propose Zn0:Al layers co-deposited by sputtering in the same chamber as that
used for gig-lox growth.

The prospected scenario includes the sequential deposition of TCO and of active layers
for PV or other applications, without breaking the vacuum in the vacuum chamber. The idea
implies zero contamination at the interfaces to improve the charge transfer from one

material to the other, and thus to enhance charge collection.

4.3.1. Co-doping issues

AZ0 layers can be grown by various deposition techniques including Pulsed Laser
Deposition (PLD),[2521 Chemical Vapor Deposition (CVD),[253.254] sol-gel[255] and magnetron
sputtering.[256.2571 Among those approaches, magnetron sputtering from a composite target
(98%Zn0+2%Al203) has outstanding advantages such as simple apparatus, high deposition
rates, low temperature and large deposition area. The method allows depositing doped ZnO
films and assures contamination-free materials. Some literature works have also explored
the possibility to deposit AZO conductive layers by co-sputtering using a double source (ZnO
or Zn and Al or Al203).[255258.259] This configuration would in principle allow a tuning of the
Al content in the AZO matrix. In this respect, it was however observed that a thermal budget
at 400°C is needed[?57] in order to grow AZO layers with low resistivity. The annealing
promote Al3+ species replacing Zn2?+* in the ZnO lattice. Nevertheless, due to the need of high
thermal budgets, this method cannot be straightforwardly transferred to plastic substrates.
Some other attempts were done to deposit doped materials at nominally low

temperatures,[250.258] but high power loadings, often combined with low chamber pressure,
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generate energetic ad-atoms that raise the effective temperature of the substrate during
deposition (intrinsic heating). To our opinion, a good compromise needs to be targeted
between the sputtering rate and the intrinsic substrate heating due to ad-atoms energy, in
order to render the deposition process compatible with the use of low-cost substrates (e.g.
plastics). Effective doping by substitutional Al, rather than by oxygen vacancies or other
donor lattice defects, still remains crucial.

As the pervasive dissemination of DSC/PSC technology needs to pass through a drastic
cost reduction of the TCO, we focused our attention to an implementable approach able to
produce ZnO:Al transparent conductive layers at low temperature by reactive co-sputtering.
Moreover, the resulting material has optical-structural-electrical properties as good as those
of a typical TCO film. The mutual correlation of those properties has been additionally

discussed.

4.3.2. AZO deposition by reactive co-sputtering

Transparent Conductive Oxide (TCO) layers, to be implemented in photoanodes for
hybrid Solar Cells, were prepared by co-deposition of ZnO and Al using pulsed-DC-

magnetron reactive sputtering processes (see Figure 4.15).

/~  co-focal geometry

customized Sputter DC-Pulsed

Figure 4.15: Schematic of the co-focal geometry used to obtain the ZnO:Al layer by reactive co-sputtering.

The films were deposited at low deposition temperatures (RT-188°C) and at fixed
working pressure (1.4 Pa) using soft power loading conditions to avoid intrinsic extra-
heating. To compensate the layer stoichiometry, 02 was selectively injected close to the

sample in a small percentage (Ar:02=69sccm:2sccm). The deposition temperature,
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monitored directly on the sample surface by commercial thermo-strips (Racetech - Thermal
Indicator Strips), was used as a parameter to incorporate an increasing amount of Al3*
species in the appropriate ZnO lattice position, during growth that allowed the dopant to be

electrically active.

4.3.3. Lattice engineering
4.3.3.1. Crystallographic properties

The crystallographic properties of the Zn0:Al layers are investigated by XRD analyses,
using a symmetric configuration (20-w) (see inset on the left). The diffraction patterns of
layers prepared at different deposition temperature, namely 138°C, 155°C, 188°C, are shown
in Figure 4.16, with the maximum normalized to 1. The vertical bars refer to a random ZnO
powder, with their relative scattering factors indicated by the bars height. All the patterns
show a single contribution at 20=34.4°, which is related to the (0002) planes of the

hexagonal wurtzite lattice (see inset on the right).
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Figure 4.16: 26-w XRD patterns of different AZO samples deposited at low temperature (T<200°C). In inset on the right
the wurtzite structure and on the left the schematic of the diffraction geometry.

Due to the acquisition geometry (26-w), those lattice planes lie parallel to the sample
surface, indeed with their growth direction along the c-axis of the wurtzite structure. The
lack of the other intense contributions, which are expected in a random layer (see bars in

Figure 4.16), indicates a high texturing degree of all the grown layers along the c-axis. This
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selectivity renders the layer structurally uniform in its extent. As a difference introduced by
the deposition temperature modulation, the samples grown at temperature lower than
188°C have the (0002) peak shifted leftwards with respect to the reference bar. The
corresponding dspacing are 0.2623 nm and 0.2616 nm for the samples deposited at 138°C and
155°C, respectively. On the contrary, the ZnO:Al layer deposited at 188°C has the peak
associated to the (0002) planes at the position expected for an unstrained reference layer,

whose dspacing is 0.2606 nm. This finding will be further discussed in what follows.

4.3.3.2. Morphological analyses

The morphology of all the films is investigated by FE-SEM. The average thickness of the
ZnO0:Al layer deposited at 188°C, measured by FE-SEM images in cross section (not shown),

was ~1pm.

Atomic Normalized Mass Atomic Error
Number Concentration Concentration (1Sigma)
[wt.%] [at.%] [wt.%]
8 29,09 61,71 361
30 6891
13 2,00
Total 100,00

Signal A= SE2
Mag= 8000KX WD= 40mm

L T NP e ot v

Figure 4.17: FE-SEM analysis of the AZO layer deposited by co-sputtering in co-focal geometry at 188°C. Inset: the atomic
percentages of the species revealed by EDX probe.

As can be appreciated in Figure 4.17, the material creates a uniform coating with
homogeneous morphology that is fundamental to guarantee an effective charge transfer
from the scaffold towards the TCO in a DSC/PSC. Spatial disuniformities in the layer
thickness or in its surface roughness, with the eventual presence of deleterious protrusions,

would affect the series resistance or generate parasitic currents (respectively).[249.260.261]
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In situ EDX analyses provide an average atomic percentage of Al3+ inside the ZnO lattice of
~2%, (see inset of Figure 4.17). Moreover, it was verified that the morphology does not

significantly change from sample to sample.

4.3.3.3. Composition of the AZO layer

A detailed investigation on the composition of all the sputtered ZnO:Al layers is

performed by XPS analyses.
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Figure 4.18: XPS wide scans of AZO layers at different depth.

Intensity (arb. units)

In particular, we collected a depth profile of all the involved species to study the
composition along the layer thickness. The erosion rate was 16.2 nm/min, with the end-
point given by the silicon atoms in the glass substrate.

The representative XPS wide scans of the AZO layer prepared at 188°C, collected at
different depth with respect to the film surface, are shown in Figure 4.18. The peaks due to
C, Ar, Al, O and Zn were identified in the survey.

High-resolution spectra were acquired to investigate about the bonding fraction
coordination, also along the sample depth profile and the Al content incorporate into the ZnO
lattice. HR-XPS spectra for a) C 1s (at 284.7 eV); b) O 1s (at 531.4 eV); c) Zn 2p1,2 and 2p3/2
(at 1045 eVand 1022.8 eV respectively); d) Al 2ps/2 (at 74.7 eV) regions are shown in Figure
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4.19(a-d). We note that the surface of the material has a different composition with respect
to the bulk, most likely due to surface contaminations. In fact, we found the presence of both
-OH groups at binding energy (BE) of 532.5eV and of carbonaceous species at about 284.7eV
(see figure 4a). The atomic percentage of all the species is estimated by the HR spectra, taking
into account the relative atomic Scofield’s sensitivity factors.[262] The atomic composition
does not vary significantly along the samples thickness. The estimated values are: Zn 52%,
0 45%, Al 1.8% and C 1.2%, respectively. Thereby, as a main result, the stoichiometry of the
ZnO:Al layer is constant along the layer thickness, evidencing that a uniform Al content was

inserted into the ZnO lattice during growth.
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Figure 4.19: XPS in-depth profile analyses of the AZO layer deposited by co-sputtering in co-focal geometry at 188°C: (a)
C1s, (b) O 1sand (c) Zn 2p and (d) Al 2ps/2 spectra; (e) Al 2ps/2 spectrum taken on the AZO layer and on a reference Al203
material. Al° is the expected peak position for a metallic layer.

Figure 4.19(e) shows a detail of the XPS peak related to Al 2ps/2 taken on the ZnO:Al

layer in comparison with what found in a Al203 reference material, to emphasize that the
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chemical environment of the aluminum atoms does not show a metallic character (BE = 71
eV). On the contrary, the measured binding energy depicts a typical coordination of Al

species by oxygen atoms (BE = 74 eV).

4.3.4. Conductivity and transparency optimization
4.3.4.1. Optical analyses

The optical behavior of the deposited films is evaluated by investigating their
transmittance response in the UV-Vis range. The mean transmittance of a 420nm-thick AZO
layer, deposited at 188°C, settles around 85% in the visible range, as shown in Figure
4.20(a).

The optical band gap (Eg) of the films was estimated by the Tauc plot[263] of the
absorption data for direct band gap. With this procedure, the band gap is given by fitting the
linear part of (ahv)2vs. hv at the curve onset and by extracting the intercept with the x-axis.

Figure 4.20(b) compares the Tauc plots of the ZnO:Al layers grown at different
temperatures. The band gap values measured in the layer grown at 138°C and at 155°C are
similar (~3.3 eV), whilst the layer grown at 188°C exhibits a higher value, namely ~3.5 eV.
The band gap widening was associated to the well-known Burstein-Moss effect,[264] which
derives from the electrons furnished by the dopant atoms populating states within the
conduction band. This occurs at high doping level and causes the Fermi level entering the
conduction band. Our findings indeed provide a first indication on the effectiveness of the
doping procedure by applying a deposition temperature of 188°C.

The haze factor for the AZO samples deposited at different temperatures (in the range
400-1000nm) are reported in Figure 4.20(c). We found that the haze factor of AZO layer
deposited at 188°C is higher than the other samples in the whole explored range, likely due
to the surface morphology. Increasing the scattering of light is a strategy to rise the

probability of photon absorption in a solar cell.
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Figure 4.20: (a) Transmittance spectra of an AZO sample deposited at 188°C and (b) Tauc plots of AZO layers deposited at
different temperatures to evaluate the optical band gap. (c) Haze Factor values of the AZO layers calculated in the range

400-1000 nm.
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4.3.4.2. Study of the Al incorporation

The optical results open a real perspective on the capability to replace Zn2+ with AI3*
species in the ZnO lattice by applying mild thermal budgets during co-sputtering (fixed all
the other conditions). To closely enter the structure of the mixed material, micro-Raman
spectroscopy offered crucial details on the Al3* location. The effects of the Al incorporation

on the Raman peaks are shown in Figure 4.21(a).
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Figure 4.21: (a) typical Micro-Raman spectra of ZnO layers (—) undoped and (—) doped with Al at 188°C; in inset is
reported the table with the ZnO vibrational modes. (b) Monotonic decrease of the I g /I intensity ratio as a function of
2

the layer resistivity.
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The data refer to the Zn0:Al layer deposited at 188°C. For comparison, a reference
spectrum collected over an undoped ZnO layer is also reported. Vibrational modes in the ZnO
lattice are expected at: ~380 cm! (ascribed to A1(TO) mode), ~413 cm-! (ascribed to E1(TO)
mode), ~440 cm! (ascribed to non-polar Egigh mode, schematically represented in the inset
of Figure 4.21(b)) and ~580-610 cm! (ascribed to A1(LO) and E1(LO)). Their positions are
labeled in Figure 4.21(a). Additionally, second orders of Raman modes are visible at ~800
and 1100cm 1.[265.266] All those peaks account for the wurtzite Cev space group with four
atoms per unit cell: among the 12 possible vibrational modes, only the Ai, E1 and Ez are
Raman-active. Furthermore, due to the ionic character of Zn-0 bonds, polar modes (A1 and
E1) exhibit a large splitting and second order modes.[267]

According to the UV-Vis optical transmittance values, being in all samples > 70% at 532
nm (the excitation wavelength used to carry out the Raman measurements), we assess that
the Raman beam has always probed the entire thickness of the Zn0:Al films. Moreover, to

avoid specific thickness effects, the I _nign /1o ratio (ie. I indicated the longitudinal modes
2

A1(LO) and E1(LO)) was taken as a diagnostic parameter (rather than Egigh alone)[265.266] and
evaluated as a function of the deposition temperature. From the comparison between the
spectrain Figure 4.21 it emerges that the Egigh mode is much stronger in the pure ZnO sample
with respect to what found in the ZnO:Al layer deposited at 188°C. An analogous behavior
was found in all the samples grown at the different temperatures. The reduction of the

IEhigh/ILO ratio by increasing the deposition temperature, as shown in Figure 4.21(b), was
2

related to structural changes in the lattice arrangement associated to the Al introduction into
the ZnO matrix, compatible with Al3* ions substituting Zn2* species into the ZnO lattice.[265]
Additional effects can be provided by the generation of oxygen-defects in the lattice.[268.269]
Nevertheless, in this respect, an adjustment of the lattice structure is expected by increasing
the deposition temperature rather than a progressive generation of oxygen defects, since the
oxygen pressure in the chamber during sputtering was constant (as well as all the other
deposition parameters except for the temperature).

On the basis of our findings, we reasoned that the Al introduction into ZnO lattice is
assisted by a controlled (external heating) slight increase of the temperature during

deposition.
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4.3.4.3. Electrical characterizations

A monotonic reduction of the IEhigh/ILO ratio was recorded as a function of the
2

deposition temperature (RT<T<200°C), as shown in Figure 4.21(b) and Table 4.4. The data,
correlated to the layer resistivity, elucidate that a progressive inhibition of the Egigh Raman
mode corresponds to a progressive improvement of the AZO layer conductivity.[265270] We

are inclined to exclude that the observed reduction of the IEhigh/ILO parameter is due to an
2

increase of residual lattice strain, as a possibility prospected in ref. [265].

This observation is based on our independent strain analyses done by XRD (see the
following section). Thereby, we associate our findings to a progressive incorporation of Al3+
species in Zn?* position, as an effect of increasing the deposition temperature. This structural
property renders the incorporated species electrically active and thus able to increment the
density of free carriers in the conduction band (CB). As a matter of fact, the lowest resistivity

value was measured in the AZO layer grown at 188°C. The data are summarized in Table 4.4.

Table 4.4: Micro-Raman and resistivity data.

Sample Elzligh/LO Intensity ratio | Resistivity (mQxcm) | Conductivity (S/cm)

AZO @138°C
AZO @155°C
AZO @163°C

AZ0 @171°C

AZ0 @188°C

Since the resistivity value is affected not only by the carrier density but also by their
scattering time (due to grain boundaries, aggregates, other defects, etc), we additionally
provide a correlation with the lattice strain and grain size. The average (crystallographic)
domain size is measured by applying the Scherrer’s equation1>°] to the full width at half
maximum of the (0002) peak [28] and represented in the right panel of Figure 4.22 (right
axis, pink curve). In addition to the grain size (related to the density of grain boundaries),

the evaluation of the residual strain in the ZnO:Al lattice is provided as an indirect measure
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of the average effect of the presence of extended defects on the Zn0:Al lattice. The residual
strain is evaluated by measuring the (0002) lattice planes distances (XRD, see Figure 4.16)
and was compared to reference values (unstrained ZnO lattice).[265] It is expressed as Ad/d
(%) and plotted as a function of the layer resistivity in Figure 4.22 (left axis, blue curve). We
note a decreasing trend of the strain measured along the c-axis with the resistivity reduction
(and therefore with the deposition temperature), towards a zero-strain condition
(unstrained: Ad/d (%) = 0) corresponding to the most conductive layer (188°C).

This result gives evidence of a progressive reduction of the defects inside the wurtzite
lattice, likely associated to less severe Al-based clustering (e.g. Al203) and/or to atomic
disorder. Since oxygen vacancies and substitutional Al can both affect the intensity of the
Egigh Raman mode, it was crucial to establish that the temperature (at fixed oxygen pressure)
causes a reduction of the residual strain in the film. This observed behavior argues in favor

of Al3* substituting Zn2+, with direct positive impact on the layer resistivity.
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Figure 4.22: Structural properties evaluated by XRD analysis correlated to the electrical behavior of the AZO layers. On the
left side (blue curve): strain along the c-axis; on the right side (pink curve): crystallographic domain size. The different
colors of the data points correspond to different deposition temperatures.

On the other hand, the eventual formation of charged V3*states (under non equilibrium
conditions), with the consequent injection of electrons into the ZnO conduction band,[267.271]
would imply that the Zn-Zn bonding distances around the defect would experience an

outwards stretching.[267] If this relaxation was extended in average to the entire lattice, this
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should cause a shift of the diffraction peaks towards lower angles. This is the opposite of
what experimentally found, since the peak systematically moves upwards in the direction of
the unstrained reference if the deposition temperature is increased (<200°C). A major
defective material when increasing the deposition temperature is also counterintuitive.
Moreover, in all the deposition process, a slight supply of oxygen was used to avoid growth
condition under deficiency of oxygen.[268] All those consideration are in favor of Al atoms
rather replacing Zn in a certain (even partial with respect to the 2at.% introduced) amount.

To further reinforce our conclusions, we performed mild ex situ annealing (at 200°C)
on the as deposited sample, using dry air (N2:02=78sccm:22sccm) vs. vacuum conditions
(1.33 Pa). The presence of oxygen in the annealing ambient is expected to impact on the
concentration of oxygen vacancies. Nonetheless, in both cases the sample experienced an
improvement of the electrical performances, with the resistivity reducing to 8.5 and
7mQxcm in air and vacuum, respectively (Figure 4.23). This finding was thus correlated to
a further adjustment of the lattice structure, including better positioning of substitutional Al

species.

p /p (@188°C_as deposited)
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Figure 4.23: The effect of adding ex situ heating on the layer resistivity. Note that the presence of oxygen species in the
annealing ambient does not negatively affect the layer conductivity.

Figure 4.22 additionally shows (pink curve) an increase of the Zn0:Al domain size,

which consistently goes in the direction of a better carrier transport. We indeed argue that
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the resistivity reduction also benefits from less severe carrier scattering events from grain

boundary or extended defects.

4.3.4.4. Ellipsometric measurements
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Figure 4.24: SE measurements giving the dielectric constants ¢z as a function of the photon energy. Note the absorption in
the IR region enhanced in the AZO layer deposited at 188°C, which represents a marker for intra-band transitions as a
consequence of the Fermi level entering the CB (inset).

Figure 4.24 shows the imaginary part of the dielectric constant, €z, for two samples
grown at 155°C and 188°C. It is of particular interest the behavior of €2 in the infrared region
(<1 eV). In particular, we observe that the material deposited at 188°C shows a typical
behavior from intra-band transitions experienced by the electrical carriers.[272] This is
associated to the electrons, provided by the dopant atoms, which enter in the conduction
band with their energetic levels and in total behave as a free electron gas, as translated in
the applied Drude’s model to fit the raw data. Although high doping levels tend to affect the
transmittance of the material, we emphasize that the average transmittance measured on
this sample stays as high as 85% (see Figure 4.20(a)). On the other hand, the ZnO:Al
deposited at 155°C exhibits a lower absorption in that region, depicting a material with a
lower amount of free electrons charges. The analysis gives a further clear evidence of the

effectiveness of our methodology on the capability to tune the Al3* species incorporation in
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the ZnO lattice as substitutional dopant. Consistently with the Tauc’s plot results (Figure
4.20(b)), the onset of the absorption behavior over the band gap is clearly triggered at higher
energies in the sample deposited at 188°C (right part of the curves in Figure 4.24).

4.3.5. Perspectives on AZO/gig-lox TiO: sequential sputtering deposition for
DSC or PSC photoanodes

Figure 4.25: (a) TEM cross-section image of the AZO/TiO2 bi-layer sequentially deposited by reactive magnetron
sputtering in co-focal (@188°C) and grazing incidence geometries (RT), respectively. (b) SAED of the AZO layer; (c) TEM
cross-section image of TiOz gig-lox layer and (d) its magnification to highlight its multi-scale-porosity.
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We explored a strategy consisting of the sequential deposition of gig-lox-TiO2 and AZO
layers by exploiting the same deposition chamber, thus without any break of vacuum. The
main concern is about the interface and the material adhesion for future integration in
photoanodes of DSCs or PSCs. Preliminary results may positively catch the industrial mood.

To investigate the adhesion between AZO and TiO:z gig-lox layers, we realized a bi-layer
as shown in Figure 4.25(a). The AZO layer was deposited in co-focal geometry at T<200°C
(as seen before) whilst the TiO2 gig-lox layer with the same approach discussed in Chapter 2
(at RT). Through the not troubling preparation of the TEM cross-section we infer a good
adhesion between the two layers (see Figure 4.25(a)), being the interface resistant to
mechanical solicitations. We also observe that the TiOz layer follows the morphological path
of the AZO columns which are textured along the expected [0002] direction (see diffraction
pattern in Figure 4.25(b)). Figure 4.25(c) testifies that the TiO2 gig-lox structure is not
modified by the use of AZO as substrate. This finding dispels all doubts on one main concern.
Details of the gig-lox porosity are shown in Figure 4.25(d).

In summary, we have explored a sputtering approach at low temperature and at soft
power loading in compensated oxygen ambient to effectively dope ZnO layers with
Aluminum atoms such to gain convenient optical and electrical responses. The approach is
based on the co-deposition of the component materials (ZnO and Al) at T<200°C by using a
co-focal geometry. The deposition conditions settled a compromise between power loading
and working pressure in order to provide relatively high deposition rate coupled with low
intrinsic substrate heating. We currently pushed the deposition process at a level of maturity
that provides the material with: 1) Al3+ species effectively incorporated in the ZnO structure
with negligible residual strain; 2) uniform ZnO:Al stoichiometry at least over 1 pm of grown
thickness; 3) optical bandgap of ~3.5eV; 4) ~85% transmittance in the visible range; 5)
deposition rate as high as ~7nm/min. The overall structural optimization, as achieved at a
real deposition temperature of 188°C (measured on the sample surface), allowed producing
a material with resistivity as low as ~13m{Qxcm, namely 13Q/sq in 1um. The large
potentiality of our approach, in summary, resides in: 1) avoiding intrinsic overheating and
instead using a mild controlled extrinsic heating; 2) compensating oxygen deficiency to limit
the formation of oxygen defects; 3) guaranteeing a uniform incorporation of Al during

growth. All those advantages add up with the availability of an independent Al source for
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complementary stacked materials (e.g. Al or Al203). They represent a progress in the
material reliability and stability for application on low cost substrates.

The preliminary results on the sequential deposition of AZO and gig-lox TiO2 prospect
the advent of a new methodology for the growth of the complete architecture of the inorganic

component of DSC and PSC photo-anodes for high throughput and low-cost devices.
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Conclusions

In the framework of the engineering of nano-materials for energy conversion, we
illustrated the empowering offered by the newly-designed spongy TiO2 layers deposited by
a reactive sputtering method based on Grazing-Incidence Geometry coupled with Local
OXidation (gig-lox) we initiated in the landscape of the nanostructured materials growth. It
represents a viable way to force sputtering methods, naturally addressed to compact layers,
to arrange spongy materials via a progressive bottom-up oxidation of building blocks. The
technique is intrinsically up-scalable and therefore industrially compatible, and can be, in
principle, extended to any reactive metallic source to produce porous oxides.

The spongy layers deposited by the gig-lox methods were investigated from different
perspectives and used as scaffold in DSC’s and PSC’s photoanodes for photon-to-current
conversion.

The spongy gig-lox TiOz2 is unique in its twofold structure. It consists of a regular array
of rods, separated by meso-pores (tens of nanometers) as the result of applying the grazing
geometry. The rods, on their side, have an internal branched structure that give rise to an
interconnected network of nano-pores (a few nanometers) related to the proper partial
pressure of Ar used for sputtering. Moreover, the confinement of the oxygen species at the
substrate side during growth assures a homogeneous localized self-assembly of TiO¢ chains
and also prevents the Ti source from oxidation. The overall bimodal porosity of the layer
amounts to ~50% of the volume for thicknesses tunable up to (at least) 1000nm. It
represents the cornerstone to allow matters of different size and nature intimately entering
into the TiO2z scaffold and forming active interacting (chemically and physically) blends.

In this respect, we demonstrated that the engineered fine structure of the material
allows N-719 photo-active molecules deeply entering the layer via the interconnected array
of pores, with the Ru atoms detected even at the bottom-side of the scaffold. The measured
average density of molecules infiltrated into the gig-lox TiO2 layer is ~1-2x1020
molecules/cm3. As a second empowering, the pore size, being similar to the typical steric
hindrance of dye molecules, promotes a multi-branch (we define “octopus-like”) linking

configuration with multiple anchoring groups chemisorbed to the pore walls. In the
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anchoring process, the role of the solvent was also exploited to rise the injection probability
of the photo-generated carriers into the conduction band of TiO2. We demonstrated the
internal branched structure of the TiO2 nanorods as a further empowering that influence the
charge collection efficiency. As an overall effect (injection + collection efficiency), we
measured that the density of electrons in the conduction band of the gig-lox TiO2 layer is
raised by 4 orders of magnitude under 1 sun illumination with respect to the intrinsic carrier
level. The result was obtained by disentangling the bare effects related to the dye/TiO2 blend
from many other parasitic/additional effects occurring in a complete device.

We disclosed a similar tendency of the spongy TiO:2 scaffolds to establish tight
structural relationships and effective interactions with photo-active hybrid perovskites
layers. In this case, we reasoned on the way the CH3NH3Pbls enters the differently sized
pores of the TiO2 architecture and on the structural stability of the blend under simulated
operation conditions. The capability of the scaffold to accept and transport the carriers,
photo-generated into the perovskite layer, was proved by integrating the gig-lox TiO:
scaffold in PSCs.

Differently form gig-lox based DSCs, the thickness of the gig-lox TiO2 scaffold in PSCs
was scaled down to 150-200 nm owing to the wide absorption range and light harvesting
behaviour of CH3NH3Pbls compared to the molar extinction coefficient of the N719 dye. We
especially mention the efficiency we have got in PSCs (11.7%) using a standard device
architecture. Upgrading the device architecture on the basis of the recent literature results
can further improve this value.

As an overall comment, the demonstrated aptitude of the gig-lox TiO2 scaffolds to
establish finely interconnected blends with photo-active dyes and perovskites unveiled the
outperforming behaviour of this newly-designed material with respect to TiOz layers
sputtered in conventional ways. Its competition level with chemically synthesized
commercial counterparts was, at the same time, afforded by the comparison with the
reference devices we produced in the laboratory.

A third proof-of-concept on the convenience of the use of gig-lox TiOz layers in devices
was provided in a filed different from PV, namely for gas sensing. The high surface to volume
ratio, the high surface reactivity, the pervasive network of voids and the interconnected TiO2
nano-branches offered by the spongy gig-lox TiOz layer allowed getting a high sensitivity to

ethanol in the range of 17- 87 ppm using layers scaled to 350nm, with the exhibited sensor
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response ((AR/R)x100) in the range of 80-100, being not sensibly affected by the ambient
humidity up to 60% RH. The working temperature of the sensors was lowered to 250°C

The provided proofs-of-concept crossing different fields prospect a gig-lox platform to
be shared by different functionalities in low-cost multi-functional devices. We expect that
the applicative window can be further extended to other kind of devices.

At the boundary of the main core of the thesis, we explored alternative materials to
be proposed as scaffold or transparent conductive oxides (TCO) for low-cost PV
architectures.

During a 3-monts stage at the LMGP in Grenoble, a first attempt to compare the TiO2
gig-lox meso/nanostructures with TiOz micro-flowers grown by a chemical method (AA-
MOCVD) was set up. They present a remarkable, controllable surface wettability that shows
reversible hydrophobicity/super-hydrophilicity. The cooperation of the surface
microstructures, and the surface photosensitivity are considered to be mainly responsible
for this behavior. All those properties prospect a certain degree of applicability of the
structures for surface functionalization after having faced some issues mainly related to the
material uniformity and up-scalability.

At the TCO side, we have explored a sputtering approach at low temperature and at
soft power loading in compensated oxygen ambient to effectively dope ZnO layers with
Aluminum atoms such to gain convenient optical and electrical responses. The approach is
based on the co-deposition of the component materials (ZnO and Al) at T<200°C by using a
co-focal geometry. As a main empowering, the AZO layer was deposited in the same
sputtering chamber as the gig-lox TiO2. This allowed performing the sequential deposition
of AZO and gig-lox TiOz layers without vacuum break. The results provided a demonstration
on the capability to grow the complete architecture of the inorganic part of DSC and PSC
photoanodes keeping the mainstays of the gig-lox TiO2 recipe for high throughput and low-
cost devices.

To conclude, the results of the Ph.D. Thesis afford good practical perspectives around
the full-building of photo-anodes in a sputtering chamber for DSC and similar applications,
comprising dye-sensitized photo electrochemical cells and perovskite solar cells. The

material empowering can be successfully moved to gas sensing.
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A gig-lox TiO2 scaffold is also expected to effectively interact with any species (gas or
dye or others) bearing -OH or -COOH anchoring groups, as well as with hybrid perovskites
having different composition from MAPDbIs.

We additionally emphasize that our gig-lox method could in principle be extended to
other kind of oxides. There is also plenty of room to apply the gig-lox materials for different

applications such as water splitting, Li-batteries, photo-cleaning.
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Appendix

A1. TiOz and AZO layers deposition in the customized Sputtering equipment

In the thesis, we described the TiO2 gig-lox properties and its applications. We
deposited our TiO2 gig-lox layer using a customized sputtering equipment. The same
equipment, but a different deposition geometry, is used to grow AZO layers that represent a
potential TCO for solar cells. Moreover, we explored a chemical approach (AA-MOCVD) to
deposit TiO2 nanostructures to be compared to gig-lox layers

Our customized DC-pulsed sputtering equipment (Figure A1(a)) made by Kenosistec
and located at the CNR-IMM laboratories (National Council of Research (CNR-IMM)- Institute
for Microelectronics and Microsystems, Catania, Italy) offers two different deposition
configurations, namely, the co-focal geometry for the deposition of AZO from ZnO and Al
targets, and a grazing incidence geometry assisted by local oxidation for TiO2 layer

depsoition (see Figure A1(b)).

Customized Magnetron Sputter DC-pulsed equipment ,

Reactive sputteringin
grazing incidence
geometry assisted by
local oxidation

v Reactive co-sputtering

High Vacuum

Figure Al: (a) Customized Magnetron Sputter DC-Pulsed equipment located at CNR-IMM in Catania, Italy. (b) Schematic
section of the deposition chamber.

Different parameters were explored in order to find out the best procedure to deposit

both layers, namely: the anode-cathode distance, the flow rate of both the carrier gas (Ar)
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and reactive gas (02), the power applied to the cathodes and the temperature on the
substrate. In fact, before proceeding with the deposition, we have preliminary optimized the
process. We collected in Table A1 the parameters after optimization for both deposition

processes.

Table Al: Optimized sputtering parameters used for TiO: gig-lox and Zn0:Al depositions.

ZnO:Al

Al Zn0O
Vacuum Pre-Deposition (ubar) 2.0x10% 2.0x10%
Working Pressure (ubar) 13.0 13.0

Flow rate Ar (sccm) 69.0 69.0
Flow rate O, (sccm) 2.0 2.0
Rotation Speed (rpm) 20.0 5.0
Power (W) 140 20 40
Voltage (V) 295 - 298 244 - 248 327 - 332
Current (mA) 472 - 475 77 - 82 106 - 111
Power Loading (W/cm?) 6.9 1.0 2.0
Cathodes Diameter (inch) 2.0 2.0
Anode-Cathode Distance (cm) 1.2 2.0
Deposition Temperature (°C) 25 188
Deposition Rate (nm/min) 4.0 7.0
Thickness (nm) 800=10 1250+10

TiO, gig-lox

A2. DSC and PSC photoanodes preparation

DSC architecture (see Figure A2(a)). The cell architecture was realised in the
framework of the project EFOR, in collaboration with Dr. Luisa De Marco, IIT and CNR-
Nanotec (Lecce, Italy). Fluorine-doped tin oxide (FTO, 15 £/sq, provided by Solaronix S.A.)
glass plates were first cleaned in a detergent solution using an ultrasonic bath for 15 min,
and then rinsed with water and ethanol. Compact TiOz layers were prepared as follows: FTO
glasses were coated with 0.15M titanium diisopropoxide bis(acetylacetonate) (75% Aldrich)
in 1-butanol (Aldrich) solution by the spin-coating method, which was heated at 125°C for 5
min. After the coated film was cooled down to the room temperature, the same process was
repeated and the two times coated FTO glasses were finally heated at 500°C for 30 min. The
prepared dense TiOz blocking layer were thus covered by: 1) mesoporous TiO2 gig-lox layers
deposited by sputtering at RT; or 2) standard nanocrystalline TiO2 pastes (reference)

deposited by a doctor-blading technique using a commercial diluted colloidal titania paste
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(Dyesol 18NR-T). The reference samples were heated in air at 150°C for 15 min. To
compensate the limitations associated to the poor light harvesting capability of the sensitizer
and to reinforce the potentiality of the new material, we associated to the gig-lox scaffold to
a commercial scattering layer by doctor blading a commercial scattering paste (Solaronix
D/SP colloidal paste) onto the above described transparent layers and sintering the double-
layer photoanode at 500°C for 30 min. The same was done for the reference photoanode. For
all the samples, the dye sensitization was performed by keeping the electrodes for 14 h and
under dark in 0.2 mM solutions of bis(tetrabutylammonium)-cis-di(thiocyanato)-N,N'-bis(4-
carboxylato-4'-carboxylic acid-2,2'-bipyridine) ruthenium(Il) (N-719, purchased by
Solaronix S.A.) in a mixture of acetonitrile and tert-butyl alcohol (1:1 v/v). The counter-
electrodes were prepared by sputtering a 50 nm Pt layer on a hole-drilled cleaned FTO plate.
The photo-anode and the counter-electrode were faced and assembled using a suitably cut
50 pm thick Surlyn® hot-melt gasket for sealing. The iodine redox electrolyte (0.1 M Lil, 0.03
M Iz, 0.6 M 1-methyl-3-propylimidazolium iodide, and 0.5 M tert-butylpyridine in dry
acetonitrile) was vacuum-injected into the space between the electrodes through pre-drilled
holes on the back of the counter electrode. The holes were eventually sealed using Surlyn®
hot melt film and a cover glass. Photocurrent-voltage measurements were performed using
a Keithley unit (Model 2400 Source Meter). A Newport AM 1.5 Solar Simulator (Model
91160A equipped with a 1000 W Xenon arc lamp) serving as a light source.

Cathode (Pt)
Electrolyte (ll5)

Cathode (Au)

HTM (Spiro-MeOTAD)

TiO, gig-lox with MAPbI,

TiO, gigHox with N-719 ’

TCO (F:Sn0,) TCO (F:$n0,)

Glass Glass

DSC Architecture
PSC Architecture¥

Figure A2: (a) Dye Solar Cells and (b) Perovskite Solar Cells architectures produced at National Research Council-Institute
of Nanotechnology (CNR-Nanotec) in Lecce, Italy.
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PSC architecture (see Figure A2(b)). Fluorine-doped tin oxide (FTO, 15 Q/sq, provided
by Solaronix S.A.) glass plates were first etched with zinc powder and HCl 2 M to form the
desired electrode pattern, then cleaned in a detergent solution using an ultrasonic bath for
15 min, and rinsed with water and ethanol. A hole blocking layer of TiO2 (40 nm) was
deposited on the cleaned FTO substrates by sputtering. The TiO2 blocking layers were
covered by: 1) mesoporous TiOz gig-lox layers deposited by sputtering at RT; or 2) standard
nanocrystalline TiO2 pastes (reference) deposited by spin coating a commercial diluted
colloidal titania paste (Dyesol 30NR-T). The samples were heated in air at 450°C for 1 h. The
annealing is equivalent to 500°C 30s. The perovskite films were deposited from a precursor
solution containing 461 mg of Pblz, 159 mg of CH3NHsl, and 78 mg of DMSO (molar ratio
1:1:1) in 600 mg of DMF. The completely dissolved solution was spin-coated on the TiO2
layer at 4000 rpm for 25 sec and 100 pL of toluene were poured on the spinning substrate
15 s prior to the end of the program. The film were heated at 65 °C for 1 min and 100 °C for
2 min in order to obtain a dense CH3NHsPbls film.[273] The hole transporting material
solution, Spiro-MeOTAD, 50 mM in chlorobenzene containing 25 mM
bis(trifluoromethylsulfonyl)-imide lithium salt (Li-TFSI) and 200 mM 4tert-butylpyridine
(TBP) was spun at 3000 rpm for 30 s. As a last step, 60 nm of gold top electrode were
thermally evaporated under high vacuum. Photocurrent-voltage measurements were
performed using a Keithley unit (Model 2400 Source Meter). A Newport AM 1.5 Solar
Simulator (Model 91160A equipped with a 1000 W Xenon arc lamp) serving as a light source.

A3. Characterization techniques
A3.1. Micro-Raman

Micro-Raman measurements were carried at room temperature using a Horiba XploRA
spectrometer (see Figure A3) equipped with a confocal microscope and a Peltier-cooled
charge-coupled detector (CCD). The samples were excited using the 532 nm line from a solid
state laser and integrated for 80 s, using a 100x microscope objective. To check the
uniformity of the deposited films, the measurements were acquired on some different
portions of the samples. The penetration depth is 1.32 pm according to the formulal55]

reported in chapter 2.
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Figure A3: Micro-Raman equipment located in the laboratories of the University of Messina, Italy.

A3.2. Attenuated Total Reflectance - Fourier Transform Infra-Red

Fourier Transform Infrared (FTIR, Perkin Elmer Spectrum 100) spectra were collected,
in Attenuated Total Reflectance (ATR) configuration (see Figure A4), from 4000-600 cm-1.

The penetration depth is 1.32 pm according to the formulal'87] reported in chapter 2.

Attenuated Total Reflectance - Fourier Transform Infra-Red l

Figure A4: ATR-FTIR equipment located in the laboratories of the University of Messina, Italy.
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A3.3. UV-VIS optical spectroscopy

UV-Vis measurements were carried on the dyes in solutions using a UV-Vis V-650
JASCO spectrophotometer (see Figure A5), and the spectra were recorded with a 0.2 nm

resolution.

Figure A5: UV-VIS spectrophotometer located in the laboratories of the University of Messina, Italy.

A3.4. X-Ray Photoelectron Spectroscopy

Figure A6: XPS equipment located in the laboratories of the University of Messina, Italy.
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X-ray Photoelectron Spectroscopy (XPS) was carried out in ultra-high-vacuum
condition (about 1.33x10-7 Pa) using a Thermo Scientific Instrument (see Figure A6)
equipped with a monochromatic Al Ka source (hv = 1486.6 eV) and a hemispherical analyzer
(spherical sector 180°). The constant-pass energy was set at 200 eV for survey scans and at
50 eV for the XPS high resolution spectra. Being a surface technique, XPS is able to probe
only a few monolayers. Hence, to estimate the composition of the layers in depth, it was
necessary to progressively remove the surface layer using a scanning 3 KeV Ar+ion gun, with

araster area of about 4mmx2mm.

A3.5. Field Emission - Scanning Electron Microscopy/Energy Dispersive X-
Ray

Field emission scanning electron microscopy (FE-SEM) images were collected with a
Zeiss-Gemini 2 electron microscope (see Figure A7) operating at an accelerating voltage of
1.50 kV. To carry out energy dispersive X-ray (EDX) analysis, FE-apparatus is coupled with
a Quantax-EDX-spectrometer (Bruker AXS Advanced X-ray Solutions GmbH). The EDX

detected pear-shaped dimension is about 0.7 micron.

Field Emission— Scanning Electron Microscopy

Figure A7: FE-SEM/EDX equipment located in the laboratories of the University of Messina, Italy.
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A3.6. X-Ray Diffraction

X-Ray Diffraction (XRD) analyses were done using a D8-Discover Bruker AXS
diffractometer located in Catania at CNR-IMM (see Figure A8), equipped with a Cu-Ka
source/Goebel mirror/axial soller slits at the primary beam, and with long soller

slits/detector at the secondary path.

Figure A8: X-Ray Diffractometer located at CNR-IMM in Catania, Italy.

A3.7. Transmission (and Scanning) Electron Microscopy/Energy Dispersive

X-ray

Transmission Electron Microscopy (TEM) and Selected Area Electron Diffraction
analyses (SAED) were done using a JEOL JEM 2010 microscope operating at 200 kV.

STEM images are acquired in scanning mode using a high angle annular dark field
detector in Z-contrast configuration. STEM and EDX analyses are performed using a Jeol
ARM200 (see Figure A9) equipped with a cold FEG electron source, CEOS condenser
aberration corrector and 100 mm? Jeol EDXS detector. EDXS profiles are extracted by a
730x180 nm spectrum image across the whole thickness, with 7 nm pixel size, and 0.1 s pixel
time. The scanned area was selected in a thicker region of the sample in order to increase

and average the signal.
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Transmission (and Scanning) Electron
Microscopy/Energy Dispersive X-Ray

| B E

Figure A9: TEM/STEM/EDX equipment located at CNR-IMM in Catania, Italy.

A3.8. Spectroscopic Ellipsometry

Spectroscopic Ellipsometry

Figure A10: SE equipment located at CNR-IMM in Catania, Italy.

Spectroscopic Ellipsometry (SE) data were collected using a J.A.Woollam VASE
instrument (see Figure A10). Measurements were performed in a vertical configuration,

which is better suited for transparent samples in order to measure on the same point
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ellipsometric and transmittance data. Optical spectra were recorded from 300 to 2100 nm
(step 5 nm) at 55°, 60° and 65°. An initial model of the optical transitions was built for each
layer constituting the sample. The TiO2 layer was modelled by using a single Tauc-Lorentz
oscillator and the surface roughness by the Bruggeman effective medium approximation

(EMA). The technique was mainly used to measure the average porosity of the layer.

A3.9. Four Point Probe with Solar Simulator

The TiO2 layer resistivity was measured by using a Four Point Probe,[274275276] in a
probe station equipped with a Keithley K237, an electrometer K6512 and four
micromanipulators, with positioning accuracy of about 10 um (see Figure A11). The
collinear configuration, with equal probe-to-probe spacing of 100 pum, was used. The
measurements were carried out in dark and under illumination obtained through a Solar
Simulator based on a 150 W Xenon lamp, equipped with rear reflector, collimating optics,
and an American Society for Testing and Materials (ASTM) filter producing an AM1.5 G solar
spectrum. The solar simulator provides a 35mm-diameter beam with irradiance controllable
between 10 and 200mW /cm?. The light power density was measured by using a Newport
power meter with a power accuracy of 5 uW equipped with a National Institute of Standards
and Technology (NIST)-traceable calibrated thermopile sensor. Some of the measurements

were performed under a blow of air at 20 °C directed onto the surface of the samples.

ﬂf .
Four Point Probe with Solar Simulator

Figure A11: FPP with SS equipment located at CNR-IMM in Catania, Italy.
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A3.10. Coherent X-Ray Diffraction Imaging

The equipment is located at the European Synchrotron Radiation Facilities in Grenoble,
France, beamline ID10 (see Figure A12) with the supervision of Dr. Federico Zontone.

The principal attractiveness of the CXDI technique is the ability of high-resolution
imaging, in principle limited by the highest q-vector where speckles are measurable. The
resolution is ultimately limited by the detector active area, the quality of the diffraction
pattern and finally the beam damage in the sample. For a known object, the resolution of the
reconstructed image is determined from the line scan through a sharp feature. CXDI relies
on a numerical algorithm that allows to phase the Fourier space to the real space when
speckles are over-sampled.[145149,1501 CXDI represents a powerful tool for visualizing the
outer and the inner structures of micro particles with a resolution of a few tens of
nanometers.[147.148] This technique has the great advantage of providing a 3D image in real
space, thus giving access to a full description of the morphology of the particles including the

porosity and the specific surface area.

Coherent X-Ray Diffraction Imaging

Sample Guard slits Mirrors Lens
_— ~
On-axis Beam defining Monochromator Undulators
microscope slits
A'B'é-amstop
63.5 60 59 56.5 33 0
- | l l | |
Distance (m) ?

Figure A12: CXDI equipment located at ESRF in the beamline ID10, Grenoble, France.

To retrieve a 3D image of the object we assembled the 3D Fourier space from the
tomographic scan of the sample and then we applied the hybrid input-output phase-
retrieval algorithm (Fienup, 1982) to the 3D Fourier matrix 512 X 512 X 512 resolution
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elements. The 3D scattering data set contains several regions with missing intensities. The
information in the central area is obstructed by the beamstop protecting the detector from
the direct beam. In addition, the tomographic scan does not cover the full-range due to the
support (the “missing wedge”). The optimal speckle sampling up to high q vectors usually
requires an angular increment of 0.2° when the sample size is few pm. Finally, several
reconstructions are averaged to account for high frequency variations in the convergence

due to the noise.

A3.11 Enviromental Ellipsometric Porosimetry

The EEP setup used is represented in Figure A13 and is located at the Institut
Matériaux Microélectronique Nanosciences de Provence (IM2NP) Aix-Marseille Université,

France.

Enviromental Ellipsometric Porosimetry

Humidity sensor

Detector

Input gas

Figure A13: EEP equipment located in the laboratories of the Institut Matériaux Microélectronique Nanosciences de
Provence (IM2NP) Aix-Marseille Université, Marseille, France.

Itis made of an Ellipsometer equipped with a cell for environmental control containing
the film to analyze. In laboratories, gas volumetry analyses are usually time-consuming,
mainly because of long pressure equilibration time within the analysis chamber. In the
experimental setup of these experiments, they replaced the pressure equilibration system

by a continuous flux of air containing a fixed partial pressure of adsorbate directly in contact
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with the mesoporous film to analyze. This procedure eliminates the dead volume effect of
the analysis chamber always encountered with pressurized techniques. In addition, the flux
in itself helps the rapid equilibration at low relative pressure by enhanced gas
convection.[2771 Though, working at atmospheric pressure limits the choice of efficient
adsorbates for EEP measurements. For the analyses, the cell temperature was fixed at 23°C

and was continuously filled by 2.5 L/min flux of air with a controlled water partial pressure.
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Sciences (MIFT), V. le F. Stagno d’Alcontres 31, Messina 98166, Italy.
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sensor applications.
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Business or sector Chemistry-Physics for Nanotechnologies.

Teacher of Polymer at CAMPLUS COLLEGE D'’ARAGONA
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Maxwell (on leave for Ph.D.)
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= Natural Sciences, Chemistry and Geography, Microbiology.
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European Synchrotron Radiation Facility (ESRF), 71 Avenue des Martyrs, 38000 Grenoble, France.

= Porous TiO thin film structures for photovoltaic applications studied by Coherent X-ray Diffraction
Imaging.

Business or sector Chemistry-Physics for Nanotechnologies.
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National Research Council - Institute for Microelectronics and Microsystems (CNR-IMM), Zona
Industriale VIII Strada, 5 — 95121 Catania (CT), ltaly.

= Research Project - PON Tecnologie per I'Energia e I'Efficienza Energetica (ENERGETIC).

= Topic: Study of the oxides deposited on not conventional substrates by reactive sputtering at low
temperature. Mesoporous TiOz layers deposited on ZnO:Al (TCO = transparent conductive oxide) as
a scaffold on plastic substrates for Dye Sensitized Solar Cells (DSSC).

Business or sector Chemistry-Physics for Nanotechnologies.

Thesis for Master’s Degree in Chemistry of Materials
Department of Chemical Sciences, University of Catania, V. le Andrea Doria 6, 95125 Catania, Italy.

National Research Council - Institute for Microelectronics and Microsystems (CNR-IMM) Zona
Industriale VIII Strada, 5 — 95121 Catania (CT), Italy.

= Experimental Thesis (Master Degree), Oxides deposition for photo-anodes in Dye-Sensitized Solar
Cells (DSSC).

Business or sector Chemistry-Physics for Nanotechnologies.

Town Councillor
Council member at Sortino’s Municipality — Viale Mario Giardino — 9010 Sortino (SR), ltaly.

= Assessor to the Town Police, Civil Protection, Agriculture and Forest, Commerce and Cemetery
Services.
Business or sector Administration.

Thesis for Bachelor’s Degree in Chemistry
Department of Chemical Sciences, University of Catania, Viale Andrea Doria 6, 95125 Catania, Italy.

= Experimental Thesis (Bachelor’s Degree), on synthesis and characterization of Kalium precursors
and their applications.

Business or sector Inorganic Chemistry.
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E.R.S.U. (Ente Regionale per il Diritto allo Studio Universitario) — Via Etnea, 570 — 95128 Catania
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Business or sector Administration.
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Agenzia delle Entrate - Via Turchia, 2/4, Siracusa (SR), Italy.

= Training for work formation and work orientation.
Business or sector Commercial.

Ph.D. in Physics.
Thesis title: “Newly-Designed Spongy TiO» Layers by Modified Sputtering Methods for
Hybrid PhotoVoltaics”.

University of Messina, Department of Mathematical and Computational Sciences, Physics and Earth
Sciences (MIFT), V. le F. Stagno d’Alcontres 31, Messina 98166, Italy.

Associated with National Research Council - Institute for Microelectronics and Microsystems (CNR-
IMM) Zona Industriale VIl Strada, 5 — 95121 Catania (CT), ltaly, from 17.07.2015.

= Chemistry-Physics study of the optical-electrical-structural properties of semiconductor oxides; nano-

materials deposition by reactive sputtering; optical analyses (UV-Vis, Infrared, Raman
Spectroscopies and Spectroscopic Ellipsometry), morphological analysis (Scanning Electrical
Microscopy), structural analyses (X-Ray Diffraction and Transmission Electrical Microscopy),
chemical analyses (Energy Dispersive X-Ray and X-Ray Photoelectron Spectroscopy).

Qualification to the profession of CHEMIST
Ordine dei Chimici - Via Giuffrida Vincenzo, 4, Catania (CT), ltaly.

Safety course in the industries (FAD)

Prevention in the places of job, general knowledges.
National Research Council (CNR) — Servizio di Prevenzione e Protezione (SPP) — Italy.

Master’s Degree in CHEMISTRY OF MATERIALS

Vote: 110/110 cum Laude.
Thesis title: “Sequential deposition of TiO/ZnO:Al by reactive sputtering for photo-anodes
in Dye Sensitized Solar Cells”.

Department of Chemical Sciences, University of Catania, V. le Andrea Doria 6, 95125 Catania, Italy.

Safety in laboratories course

Department of Chemical Sciences, University of Catania, Viale Andrea Doria 6, 95125 Catania, Italy.

Bachelor’s Degree in CHEMISTRY

Vote: 101/110.
Thesis title: “Synthesis and characterization of new kalium complexes, K(hfa)polietere, and
their applications for the preparation of fluoride compounds”.

Department of Chemical Sciences, University of Catania, Viale Andrea Doria 6, 95125 Catania, Italy.

School-leaving Certificate of ACCOUNTANT

Vote: 95/100.
Technical Commercial Institute, “Filadelfo Insolera”, Via Modica, Siracusa (SR), Italy.

Italian
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Organisational / managerial skills

Job-related skills
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Other skills
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Publications in JCR journals

Curriculum Vitae Salvatore Sanzaro
Listening Reading Spoken interaction Listening Reading
B1 B1 B1 B1 B1
A2 A1 A1 A1 A2

Levels: A1/A2: Basic user - B1/B2: Independent user - C1/C2 Proficient user
Common European Framework of Reference for Languages

Detached abilities to listen, to report and to interact with the public, it acquired during the experience of
assessor and PhD student within the respective institution.

Ability to work in binding situations, tied up to the expirations and the relationship with the public also in
autonomous way. Acquired competences thanks to the experience in the research sector.

Theoretical-Practices competences arising from the use of instruments and equipment in Physical and
Chemical laboratories following the experiences at the Universities (Catania and Messina, Italy) and at
the National Research Council (CNR-IMM, Italy) during the experimental theses (master and Ph.D.). |
would like to particularly mention independent skills and direct use of: reactive sputtering deposition
equipment for oxides and metallic layers; UV-vis optical measurements; IR and Raman analyses;
CXDI with synchrotron radiation; SEM and EDX analyses; XPS surface analyses and contact angle
measurements; XRD analyses: Sheet resistance by four-point-probe equipment. Further experience
was gained during the two stages at ESRF (Grenoble) and LMGP (Grenoble) on synchrotron
techniques and chemical synthesis methods, respectively

Theoretical-Practices competences in chemistry of materials for: surfaces functionalization and the
related issues, especially for mesoporous oxides functionalization to be used in the Photovoltaic field
(DSC) and for gas sensing; formation of oxide/hybrid perovskite blend for PSC and related issues;
issues related to DSC and PSC devices, with special regards to photo-carrier transport phenomena in
relationship with the material structure and the involved interfaces.

SELF-ASSESSMENT
Information - Content Problem
processing Communication creation Safety solving

Independent user | Independentuser  Proficientuser = Independentuser = Independent user

Levels: Basic user - Independent user - Proficient user
Digital competences - Self-assessment grid

= Accounting
= Teaching

Title: Pervasive infiltration and multi-branch chemisorption of N719 molecules into spongy TiO:2 layers
deposited by gig-lox sputtering processes.

Authors: Salvatore Sanzaro, Enza Fazio, Fortunato Neri, Emanuele Smecca, Corrado Bongiorno,
Giovanni Mannino, Rosaria Anna Puglisi, Antonino La Magna and Alessandra Alberti.

Journal: Journal of Materials Chemistry A, DOI: 10.1039/C7TA07811K. [I.F. 2016 = 8.867]

Year: 2017

Title: Innovative spongy TiOz layers for high sensitivity gas detection at low working temperature.

Authors: Alessandra Alberti, Lucio Renna, Salvatore Sanzaro, Emanuele Smecca, Giovanni
Mannino, Corrado Bongiorno, Clelia Galati, Leonardo Gervasi, Antonello Santangelo and Antonino La
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Magna.
Journal: Sensors and Actuators B: Chemical (submitted). [I.F. 2016 = 5.401]
Year: 2017.

Title: Revealing a discontinuity in the degradation behaviour of CHsNHsPbls during thermal operation.
Authors: Alessandra Alberti, loannis Deretzis, Giovanni Mannino, Emanuele Smecca, Salvatore
Sanzaro, Youhei Numata, Tsutomu Miyasaka and Antonino La Magna.

Journal: The Journal of Physical Chemistry C, 121, 13577-13585. [I.F. 2016 = 4.536]

Year: 2017.

Title: First evidence of CH3NHsPbls optical constant improvement in N2 environment at 40-80°C.
Authors: Giovanni Mannino, Alessandra Alberti, loannis Deretzis, Emanuele Smecca, Salvatore
Sanzaro, Youhei Numata, Tsutomu Miyasaka and Antonino La Magna.

Journal: The Journal of Physical Chemistry C, 121, 7703-7710. [I.F. 2016 = 4.536]

Year: 2017.

Title: Multi-Scale-Porosity TiO2 scaffolds grown by innovative sputtering methods for high throughput
hybrid photovoltaics.

Authors: Salvatore Sanzaro, Emanuele Smecca, Giovanni Mannino, Corrado Bongiorno, Giovanna
Pellegrino, Fortunato Neri, Graziella Malandrino, Maria Rita Catalano, Guglielmo Guido Condorelli,
Rosabianca lacobellis, Luisa De Marco, Corrado Spinella, Antonino La Magna and Alessandra Alberti.
Journal: Scientific Reports 2016, 9, 39509. [I.F. 2016 = 4.259]

Year: 2016.

Title: Controlled AP* Incorporation in the ZnO Lattice at 188°C by Soft Reactive Co-Sputtering for
Transparent Conductive Oxides.

Authors: Salvatore Sanzaro, Antonino La Magna, Emanuele Smecca, Giovanni Mannino, Giovanna
Pellegrino, Enza Fazio, Fortunato Neri and Alessandra Alberti.

Journal: Energies 2016, 9, 433-446. [I.F. 2016 = 2.262]

Year: 2016.

Title: Low temperature sputtered TiO2 nano sheaths on electrospun PES fibers as high porosity
photoactive material.

Authors: A. Alberti, C. Bongiomo, G. Pellegrino, S. Sanzaro, E. Smecca, G. G. Condorelli, A. E.
Giuffrida, G. Cicala, A. Latteri, G. Ognibene, A. Cassano, A. Figoli, C. Spinella and A. La Magna.
Journal: RSC Advances, 5, 73444—73450. [I.F. 2016 = 3.108]

Year: 2015.

Title: Spongy TiO: gig-lox scaffold for Dye Sensitized Solar Cells and Perovskite Solar Cells.

Authors: S. Sanzaro, A. Alberti, E. Fazio, E. Smecca, G. Mannino, G. Malandrino, A. La Magna and F.
Neri.

Journal: Activity Report 2017 - Dottorato di Ricerca in Fisica, Universita di Messina — ISSN 2838-5889.
Year: 2017.

Title: New growth methodology to produce mesoporous TiOz scaffolds for Dye Sensitized Solar Cells.
Authors: S. Sanzaro, A. Alberti, E. Fazio, E. Smecca, G. Mannino, G. Malandrino, A. La Magna and F.
Neri.

Journal: Activity Report 2016 - Dottorato di Ricerca in Fisica, Universita di Messina — ISSN 2838-5889.
Year: 2016.

Title: Dye-Sensitized Solar Cells: ZnO:Al by reactive co-sputtering in co-focal geometry.

Authors: S. Sanzaro, A. La Magna, E. Smecca, G. Mannino, G. Pellegrino, E. Fazio, F. Neri and A.
Alberti.

Journal: Activity Report 2015 - Dottorato di Ricerca in Fisica, Universita di Messina — ISSN 2838-5889.
Year: 2015.

Title: Deposition of ZnO:Al/TiOz bi-layers at low temperature by reactive sputtering for application as
photoanodes in Dye Sensitized Solar Cells.

Authors: S. Sanzaro, G. Pellegrino, E. Smecca, G. Malandrino, R. Catalano, A. La Magna, A. Alberti.
Journal: Activity Report 2014 - Dottorato di Ricerca in Fisica, Universita di Messina — ISSN 2838-5889.
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Year: 2014.

Title: Especially designed TiO2 sputtering layer for high sensitivity gas detection.

Authors: A. Alberti, L. Renna, L. Gervasi, S. Sanzaro, E. Smecca, C. Galati, A. Santangelo, A. La
Magna.

ID Patent: 82681506.

Year: 2017, to be submitted on behalf of STMicroelectronics.

Abstract: Full-frame use of up-scalable spongy TiO: layer for deep dye chemisorption. (Oral)

Authors: Salvatore Sanzaro, Enza Fazio, Fortunato Neri, Emanuele Smecca, Giovanni Mannino,
Rosaria Anna Puglisi, Antonino La Magna and Alessandra Alberti.

Conference: 103° Congresso Nazionale della Societa Italiana di Fisica.

Trento, ltaly

11-15 September 2017

Abstract: Demonstration of the order-disorder character of the CH3NHsPblz polymorphic transition and
its implications on the lattice stability. (Oral)

Authors: Alessandra_Alberti, loannis Deretzis, Giovanni Mannino, Emanuele Smecca, Salvatore
Sanzaro, Corrado Bongiorno, Corrado Spinella, Youhei Numata, Tsutomu Miyasaka and Antonino La
Magna.

Conference: Materials.it 2016.

Aci Castello — Catania, Italy

12-16 December 2016

Abstract: Morphological and optical modification in CHsNHsPbls planar layers at room temperature in
air ambient. (Oral)

Authors: Emanuele Smecca, loannis Deretzis, Salvatore Sanzaro, Simona Boninelli, Giovanni
Mannino, Corrado Bongiorno, Tsutomu Miyasaka, Antonino La Magna and Alessandra Alberti.
Conference: Materials.it 2016.

Aci Castello — Catania, Italy

12-16 December 2016

Abstract: Dye sensitized mesoporous thick TiO2 layers deposited by grazing incidence reactive
sputtering methods assisted by local oxidation. (Oral)

Authors: Salvatore Sanzaro, Emanuele Smecca, Giovanna Pellegrino, Corrado Bongiorno, Fortunato
Neri, Graziella Malandrino, Maria Rita Catalano, Luisa De Marco, Rosabianca lacobellis, Giovanni
Mannino, Antonino La Magna and Alessandra Alberti.

Conference: 6" International Symposium on Transparent Conductive Materials (TCM).

Platanias — Chania, Crete, Greece

09-13 October 2016

Abstract: Multi-Scale-Porosity TiO2 Platforms Grown by Grazing Sputtering Methods Assisted by Local
Oxidation for Multipurpose Applications. (Oral)

Authors: S. Sanzaro, E. Smecca, G. Pellegrino, C. Bongiorno, F. Neri, G. Malandrino, M.R. Catalano,
L. De Marco, R. lacobellis, G. Mannino, A. La Magna and A. Alberti.

Conference: NanoSEA 2016

Giardini Naxos - Messina, Italy

03-08 July 2016

Abstract: Deposition of ZnO:Al/TiOz bi-layers at low temperature by reactive sputtering for applications
as photoanodes in Dye Sensitized Solar Cells. (Poster)

Authors: S. Sanzaro, G. Pellegrino, E. Smecca, G. Malandrino, M.R. Catalano, E. Fazio, F. Neri, A. La
Magna, A. Alberti.

Conference: E-MRS Spring Meeting 2015

Lille, France

11-15 May 2015

Abstract: Sequential deposition of ZnO:Al/TiO: films by reactive spulttering for photoanodes in Dye
Sensitized Solar Cells preparation. (Poster)
Authors: S. Sanzaro, E. Smecca, G. Pellegrino, A. La Magna, A. Alberti.
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Conference: 5" International Symposium on Transparent Conductive Materials (TCM).
Platanias — Chania, Crete, Greece
12-17 October 2014

| declare that the information contained in this CV is accurate and truthful, according to art. 46 and 47 D.P.R. n. 445/2000.
| authorize the processing of my personal data, including sensitive ones, for the purposes and for the effects of art. 23 - Privacy Law of the Italian
Legislative Decree n. 196/03 for the purposes of this notice of application.

Salvatore Sanzaro
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October 8th 2017

Report on M. Salvatore Sanzaro’s thesis manuscript:

In addition to discovering new material with improved properties, the development
of low-cost, scalable fabrication protocols is a very important issue for the development
of new or improved technologies. This is even more the case for nanomaterials, where
the unique properties that going to the nanoscale offer should be harnessed at
affordable costs. The thesis of M. Sanzaro has focused in these two key aspects,
materials and methods, with very satisfactory results.

As a main result, he has developed a new deposition approach based on the
sputtering technique (a widely used technique in industry) to fabricate mesoporous TiO2
films in one step, without the need for templating. The so-called GIG-LOX approach is
based on performing the deposition in gracing angle geometry and with a local supply
of oxygen which is limited to the substrate. The characteristics of the films obtained by
this new approach are very appealing and the implementation of GIG-LOX growth
should be straight forward and easily transposable to sputtering systems in other
laboratories and industrially.

The films obtained with the new approach have been used as anodes in hybrid
solar cells in combination with dyes and hybrid perovskites and the superior results
obtained demonstrate the advantages offered by the mesoporous structure obtained
with the new GIG-LOX approach. The films have also been successfully tested as gas
SENsors.

In addition, an alternative morphology of TiOz think films containing microflowers
with nanometric petals has been studied and compared to the GIG-LOX TilO2. This has
been done during a 3 months stay in the LMGP, France. Also, the deposition of Al
doped ZnO films as transparent Conductive oxide layers has been implemented, also
by sputtering, allowing the fabrication of Both the TCO and anode layer in the same
system.

Finally, and in addition to the characterization tools used in his home and host
laboratories, M. Sanzaro has performed two stays in the ESRF synchrotron where he
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has carried out advanced characterization of his TiO2 samples, gaining insights into
their structure, morphology and porosity.

As a consequence of the exhaustive and systematic work performed, the thesis
has provided many results of relevance and importance for several fields, including,
materials synthesis, renewable energies, sensing, etc. The conclusions derived from
the experimental work are sound and supported by the characterization techniques
used.

M. Sanzaro has several publications as first author and many others as coauthor,
including a patent. He has also presented his work in several international and national
conferences, both through poster and oral presentations. His stays in the LMGP and
ESRF are also a very positive point in M. Sanzaro’s thesis.

Concerning the manuscript, it is clear and well structured. | would nevertheless
recommend to include a section with objectives just after the introduction.

In views of the above, | fully recommend the admission of Ms. Sanzaro to the final
exam.

Dr. Mufioz-Rojas

Chargé de Recherche CNRS / CNRS Research Scientist
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Report on the PhD thesis from Salvatore Sanzaro from

Universita Degli Studi di Messina

General comments

The thesis is titled Newly-designed spongy TiO2 layers by modified sputtering
methods for hybrid photovoltaics and is divided in 4 main chapters

complemented by a set of 3 annexes.

The main focus as well as the innovative character of the thesis was the preparation,
study and characterization of a new concept for a material based on TiO2 where by
changing the sputtering parameters it was possible to achieve a spongy material
(named gig -lox TiO2) that will be integrated as a scaffold in photovoltaic solar cells

(DSC and PSC) where an efficiency of 11.7% was achieved.

Besides the use of this material as anodes in solar cells it was also demonstrated the
possibility to use it as a gas sensor (ethanol), taking profit of the very high surface
area. The combination of the same material based platform for producing different

devices is also a positive aspect of the multifunctionality exhibit by this material.

Finally it was also study the production and characterization of AZO deposited by
sputtering at low temperature using the same chamber for depositing TiO2 which is
an advantage for the sequential deposition of the different layers without breaking

the vacuum.
The bibliography used was adequate and updated.

As final comment I would like to highlight that the thesis has originated directly 5

original papers having Salvatore Sanzaro as first author or co-author, in ISI journals
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and the application for a patent. These results attest by them self the high quality of

the work performed during the thesis.

I will accept the thesis without reserve.

FCT-UNL, 6 October 2017

Bund Gruluate

Elvira Fortunato
Full Professor FCT-UNL









