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Introduction

The current energetic scenario has led the development of systems in which the
renewable sources are economically competitive with "traditional” sources, reducing
production costs and increasing conversion efficiencies. In this field, the photovoltaic
approach is one of the most promising technologies, which allow to exploit the
advantages of the solar source and to cover the electricity demand. Nowadays,
several research fields are focused on the study of improving the performance of
commercial photovoltaic modules through a more efficient exploitation of the solar
spectrum. In this context, the aim of the present study is the development of new
materials of interest for the photovoltaic (PV) technologies.

The most mature technology to date is based on silicon cells. The conversion
efficiency of these solar cells varies from 6% for the amorphous Si up to 24.7% of
prototypes obtained in the laboratory.

One possible way to increase the conversion efficiency of silicon solar cells is
to shift the incident sunlight spectrum, converting photons poorly exploited by
silicon into more effective photons. A better utilization of the solar spectrum can be
obtained by converting photons with wavelengths higher or lower compared to the
solar cell efficiency range into optimal wavelength range. The three conversion
processes of interest are: up-conversion (UC), down-conversion (DC) and energy
down-shifting. The materials studied as energy converters, consist of thin film layers
integrated in the PV panel and made of two components: a host material and an
active luminescent species that allows the conversion. In literature, the materials
used as host matrices are polymeric composite layers, inorganic crystalline materials
and various kind of glasses. The host material exhibits high transmission in the
spectral region where the cell response is high and at the same time it guarantees an

optimal environment for the luminescent component. The luminescent species used
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in these layers represent the active centers of the energy conversion process. In
particular, quantum dots and organic dyes are the most used species applied in PV
devices together with ions and rare earth complexes due to their luminescent
properties, which cover the ultraviolet (UV), visible and near infrared (NIR) range.

In the present thesis, the energy conversion systems made of lanthanide doped
binary and multicomponent fluorides (CaF:, NaYFs, NaGdFs, KYFs and YOF) have
been synthetized and deeply studied for their potential integration in silicon solar
cells, due to the energy conversion processes of Ln ions. Starting from the [3-
diketonate metal complexes, two different synthetic approaches have been tested:
metalorganic chemical vapor deposition (MOCVD) and sol-gel method.

Together with the traditional and well-known silicon PV technology, a new
class of PV materials is subject of interest in the last years. In particular, the third
generation solar cells represent the new technology with higher efficiency, based on
inorganic multijunction technology, new hybrid and inorganic semiconductor
materials such as perovskite ABXs (A= [(CH3)NHs]* and Cs* ; B=Pb*,5n?*" and X= CI-
,Br,I) and organic dye-sensitized solar cells (DSSC). In particular, the perovskite
solar cells (PSCs) attract worldwide attention with always higher record in the power
conversion efficiency and with the additional possibility of combining the
advantages of mechanical, electrical, magnetic, optical, and transport properties. This
recent generation of solar cell technology is of interest for industrial applications
because of the advantages of low-cost, low-temperature processing, flexible
substrates, and large-area fabrication processes.

In the present thesis, hybrid metalorganic/inorganic systems Eu-complex/NiO have
been synthesized for the DSSC technology and for the potential improvement of the
PV material with new functionalities, that combine the semiconductor behavior of
the inorganic part to the luminescent properties of the metalorganic component.
Nickel oxide has been chosen as the inorganic component of the hybrid system due
to its multifunctional properties such as electrochromic and antiferromagnetic

properties, high dielectric constant, UV optical transparency and p-type



semiconducting behavior. Lanthanide complexes have been chosen due to their
luminescent properties, in particular Eu complexes have attracted growing interest
because Eu is one of the most efficient downshifter.

In addition, all-inorganic halide perovskite CsPbBrs has been synthetized through a
precipitation method using Cs and Pb metal complexes and Br: as precipitating
agent. The all-inorganic halide perovskite CsPbBrs has a semiconductor behavior,
with an energy band gap useful in the PV application. Compared to the well-known
hybrid perovskite, such as MAPbIs (MA: methyl ammonium), the CsPbBrs has the
advantages to not have any labile or expensive organic components and shows

remarkable stability under humidity conditions and extreme temperatures.

In summary, the present PhD thesis is organized in the following chapters and a
schematic table (Table 1) is reported to summarize the materials object of the present

study:

e Chapter 1 emphasizes the aim of the present study and the main photovoltaic
technologies of importance in the recent years. An outlook regarding the
materials of interest in the photovoltaic technology field has been described,
together with the new strategies to increase the photovoltaic efficiency in solar

cells.

e Chapter 2 focuses on the synthesis of CaF: films doped with Yb%*,Er* or
Yb*,Tm?* through MOCVD route using a molten mixture consisting of the
Ca(hfa).*diglyme®*H:O and the suitable Ln(hfa)s®diglyme precursors in an
appropriate stoichiometric ratio. In addition, MOCVD approach is applied to
the fabrication of the multicomponent fluoride 3-NaYFs and KYFu thin films as
well.  The fluorinated  “third-generation”  bimetallic = precursors,
NaY(hfa)stetraglyme, synthetized in a previous work, and the novel

KY(hfa)stetraglyme, have been the starting point. These final goals have been



achieved through an accurate optimization of the operative parameters, such
as deposition temperature, vaporization temperature of the precursors and

choice of the substrates.

Chapter 3 concentrates on an innovative sol-gel process to produce Ln*doped
-NaREF: thin films (Ln: Eu¥, Yb*, Tm*, Er** and RE: Gd, Y), using a mixture
of a novel 3-diketonate sodium precursor Na(hfa)®tetraglyme and a rare earth
precursors RE(hfa)sediglyme (RE=Y, Gd, Eu, Yb, Tm, Er). Furthermore, the sol
gel method has been successful applied for the synthesis of Ln* doped r-YOF
thin films as well. These final goals have been achieved through an accurate
optimization of the operative parameters, such as effects of molar ratio of the
precursors, aging time of sol and annealing treatment. Their structural and

morphological properties are studied in details.

Chapter 4 highlights a novel full vapor phase approach applied for the
synthesis of hybrid metalorganic/inorganic systems. The process is based on
the sequential steps of MOCVD of the inorganic NiO thin films and molecular
layer deposition (MLD) to link on the activated surface in a covalent way a
luminescent Eu(IIl) complex. An accurate X-ray photoelectron characterization
confirmed the optimal parameter condition of the activation step and of the

covalent anchoring of the Eu complex on NiO films.

Chapter 5 reports the successful fabrication of the all-inorganic halide
perovskite CsPbBrs using the B-diketonate complexes [Pb(hfa):diglyme]s,
Cs(hfa) through a precipitation method in ethanol and water solution with Bro.
The control of temperature and aging time for the formation of the pure phase

CsPbBrs crystals has been deeply investigated.



PHOTOVOLTAIC MATERIALS OF INTEREST

PV TECHNOLOGY MATERIAL PRECURSORS METHOD CHAPTER
Energy Lanthanide CaFa: Ca(hfa)zodiglymeono MOCVD 2.2
conversion doped binary Yb*, Er¥t/ Ln(hfa)s+diglyme
systems for and multi- Yb*, Tm3*
silicon solar cells component
fluorides
B-NaYF4 NaY (hfa)stetraglyme MOCVD 23
ﬁ'iaYli‘f Na(hfa)-tetraglyme Sol-gel 32
Yb™, Er™/ RE(hfa);diglyme
Yo, T (RE=Y, Yb, Tm, Er)
NaGdFs: Eu?* Na(hfa)otetraglyme SOI-gCl 33
RE(hfa)sediglyme
(RE=Gd, Eu)
KYF4 KY (hfa)stetraglyme MOCVD 2.4
XOF: N Y (hfa);sdiglyme Sol-gel 3.4
VI Ln(hfa)s+diglyme
M1 L (Ln: Yb, Tm, Er)
Dye-sensitized Hybrid Eu-complex/NiO Eu(hfa)sphen MLD 4
solar cells metalorganic/
inorganic
systems
Perovskite solar Inorganic CsPbBr3; [Pb(hfa),diglyme], precipitation 5
cells halide Cs(hfa) method
perovskite

Table 1 Overview of materials synthesized in the present PhD thesis.



CHAPTER 1

Photovoltaic Materials

1.1 Photovoltaic technology: state of art

A photovoltaic system has the property of absorbing photons and generating
electrons for electrical conduction. In recent years, the evolution of solar cells, due to
technological and economic progress, has developed through the growing of three
different photovoltaic generations.

The first generation solar cells are relatively expensive to produce, and have a low
efficiency in relation to production costs. The first generation includes single-junction
devices made of crystalline silicon (mono and multi-crystalline), which converts
directly solar radiation into electrical energy. This kind of cells has two doped silicon
layers in order to obtain a p-n junction. This technology achieves a conversion
efficiency around 25% for based c-Si cells and about 20% for mc-Si cells.

The second generation is characterized by lower yield than the previous ones but has
lower production cost. This technology is based on the production of Si thin film
cells, with thickness between 1 and 10pum, which yields flexibility properties.
However, this kind of cell has slightly lower efficiency with respect to the previous
generation. Another aspect of this second generation technology is the use of new
materials such as amorphous silicon (a-5i), and composite materials such as indium-
copper-gallium diselenide (Culn(Ga)Se: or CIGS) or cadmium telluride (CdTe).

The third generation solar cells represents the new technology and has the higher

efficiency, and can be divided into two categories:



» inorganic cells, which use semiconductor materials such as the previous ones
and the hybrid or inorganic perovskites ABXs (A= [(CHs)NHs]* and Cs* ;
B=Pb?,5n?*" and X= CI-,Br,I);

» organic cells, which use polymers or organic dyes.

The inorganic third generation cells are based on multi-junction technology, using up
to four overlapping cells of semiconducting materials in tandem configuration, and
currently show the highest efficiency values. Very recently the new
organic-inorganic hybrid halide perovskite materials have become promising
candidates for efficient inorganic third generation solar cells.

The organic third generation cells, known as Dye Sensitized solar cells (DSSC), have
the advantages of the organic materials in terms of very low costs of material and
production, due to the easy processing through deposition on transparent, flexible
and large area substrates. However, currently the highest efficiency for this kind of
cells is around 11% and they present limits regarding their duration.

In this scenario, an interesting perspective is the possibility to increase the efficiency
of a photovoltaic cell, independently on its nature, by collecting the radiation energy
outside the absorption range of the photoactive material by shifting its energy to a
more suitable optical region through down-conversion (DC) or up-conversion (UC)
processes. Down-conversion is the process by which one high energy photon, which
is inefficiently absorbed by the photovoltaic cell due to thermalisation losses, is
converted into two or more lower energy photons. The DC layer is placed in front of
the cell and the generated photons all have sufficient energy to be absorbed by the
photovoltaic cell, with negligible thermalisation loss. Up-conversion is the process by
which two or more low energy (long wavelength) photons, which are transmitted by
the photovoltaic cell, are converted into one high energy photon. Thus an UC layer
placed behind a PV device can harvest the solar radiation energy outside the PV
absorption range and convert it into useful photons with energy inside the band of

the semiconductor used in the PV device.
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The aim of the present study is the development of new materials of interest for the
photovoltaic technologies. Lanthanide doped fluoride materials CaF2, NaYF,,
NaGdFs, KYFs and YOF have been synthetized and deeply studied for the
possibilities of increasing the efficiency yield in the a-Si and mc-Si cells, due to the
energy conversion processes of Ln ions. These systems in fact, could enhance the
photovoltaic efficiency and could be easily integrated in the PV panel.

The hybrid metalorganic/inorganic systems Eu-complex/NiO has been synthetized
for the DSSC technology and for the potential improvement of the PV material with
new functionalities, that combine the semiconductor behavior of the inorganic
component to the properties of the organic component.

Finally, the inorganic halide perovskite CsPbBrs has been synthetized through a
precipitation method. The all-inorganic halide perovskite CsPbBrs shows a
semiconductor behavior, with an energy band gap useful in the PV application of the

new third generation perovskite solar cells.

1.2 Lanthanide doped fluoride thin films

In the last years, much attention has been focused on luminescent rare-earth (RE)-
doped materials, for their large variety of modern technological applications, ranging
from phosphors [1-2] to solar cells [3], from flat-panel displays [4], to solid state
lasers [5], from photocatalysis [6], to diagnostic tools in nanobiomedicine [7]. Very
recently lanthanide doped materials have been proven also interesting in form of
homogenous films for microelectronics applications, to map the temperature
distribution inside integrated circuits in non-contact mode and with high spatial
resolution, using the different luminescent emission of the lanthanides at different
temperatures [8]. Lanthanide doped fluoride materials have been deeply studied for
their unique properties in the ultraviolet, visible and IR range. In fact, a proper
combination of doping ions and host material produces an efficient energy
conversion mechanism upon light irradiation [9]. In particular, ternary fluoride
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compounds, like the NaYFs, NaGdF: and KYFs and binary fluoride MF: (M: Ca, Sr),
have been thoroughly studied as host materials for doping luminescent Ln** (Ln =
lanthanide) ions to achieve the desirable down-conversion (DC) or up-conversion
(UC) processes [10].

In particular, UC is a process whereby two or more low energy photons are
converted into higher energy photons, and DC, on the contrary, is a process in which
higher photons are converted into more photons with lower energy. These forms of
spectral conversion have been considered as a provision in the area of photovoltaics
(PV) [11], to reduce the intrinsic losses associated with the transmission of sub-
bandgap photons (fig. 1) [12]. In fact, as shown in fig. 1, down-conversion shifts
photons from a high-energy band (blue) to the maximum absorption band of silicon
(white); up-conversion shifts photons from a low-energy band (red) to the maximum

absorption band of silicon [13, 14].
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Fig. 1 Solar spectrum showing the band gap and twice the band gap of silicon and the UC and DC
shifting [13].

Several mechanisms, originated from transitions within the 4f configuration of Ln-

doped nanomaterials, are known to guide the energy conversion emissions.
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The DC mechanism is the process where one photon with a high energy is cut to
obtain two photons with a lower energy. Cutting of one high energy photon to obtain
two lower energy photons on a single lanthanide ion is known as cascade emission
(fig. 2a) and has been known to occur for Pr® [15], Tm®* [16] and Gd** [17]. Down-
conversion with pairs of lanthanide ions can occur through various mechanism,
shown in fig. 2b, ¢, d. For all three mechanisms ion I is first excited into a high energy
level. Figure 2b shows the emission of two photons from ion pairs via cross-
relaxation between ions I and II followed by energy transfer from ion I to ion II and
emission from ion II. Figures 2¢, d show mechanisms involving on energy transfer
step between ions I and II, and emission of a photon by both ions.

UC is the process where two photons with a smaller energy are added up to obtain
one photon with a high energy. Figure 3 gives an overview of the possible up-
conversion mechanisms. The most efficient process is the mechanism called Energy
Transfer Up-conversion (ETU), in which two ions of type I absorb a photon and give
the energy to ion II in two steps via an intermediate level on ion I (fig. 3a). This can
also be described as ground state absorption (GSA) followed by an energy transfer
step, known as GSA/ETU. Up-conversion on a single ion (fig. 3b) can occur when the
ion is already in the excited state and a second photon is absorbed. This mechanism
is known as GSA followed by excited state absorption (ESA), and it is the second
most efficient mechanism. For UC with these two mechanisms it is necessary that the
second excitation step of ion I is faster than both the radiative and non-radiative
decay from the intermediate level. Both of these mechanisms involve real
intermediate energy levels. The other four mechanisms shown in fig. 3c-f involve one

or more virtual energy levels, and therefore have lower efficiencies.
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Fig. 2 Schematic representation of several different down conversion mechanisms. Solid vertical
arrows indicate radiative transitions. Arrows connecting different ions and dashed arrows indicate

energy transfer between ions.
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Fig. 3 Energy level schemes for several different 2-photon up-conversion mechanisms. Solid vertical
arrows indicate radiative transitions. Arrows connecting different ions and dashed arrows indicate

energy transfer between ions [18].

The energy transfer up-conversion (ETU) is the most efficient processes for Yb*/Ln*
co-doped fluoride. Trivalent lanthanide ions, like Er®*, Tm3, Nd* or Ho*, are the
most common activator ions for the ETU process due to their peculiar energy level
schemes and narrow emission spectral lines, and the Yb® ion is the useful sensitizer
with a large absorption in the IR range [19].

In regard to the host material, fluorescent fluoride hosts, in comparison with

conventional oxide luminescent systems, are attractive because of their high optical
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transparency from UV through IR, high chemical stability, high refractive index and
low phonon energy, which enables the radiative transitions of lanthanide ions to

occur with high efficiency [20].

CaF,

Calcium fluoride has the typical fluorite structure, following the name (fluorite) of
the mineral form of CaF2, which is a simple cubic arrangement of anions with 50%
cubic sites filled with Ca?* (fig. 4). Thus, in this structure, calcium is eight coordinated
by fluoride ions, a coordination environment suitable for the lanthanide ions, being

eight the most common coordination number for lanthanides [21].

Fig. 4 Fluorite structure.

Most of the above-mentioned applications require the calcium fluoride material in
the form of thin films. Several studies are available on the deposition of CaF: thin
films using physical vapor deposition techniques, such as sputtering [22], electron
beam evaporation [23], pulsed laser deposition [24], and molecular beam epitaxy
[25]. Calcium fluoride films have also been deposited through sol-gel chemical
routes using spin coating or dip coating [26]. Among the chemical vapor deposition
approaches, atomic layer deposition has been applied to the deposition of CaF-: films

[27]. Nevertheless, even though various deposition methods have been applied to the
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fabrication of CaF: films, a more versatile, easily scalable, fast, and industrially
appealing approach is highly desirable [28].

MOCVD has been also applied to the deposition of the fluorite films; nevertheless,
most of these reports used a fluorine-free calcium source, thus a second precursor is
needed as the fluorine source. The first report on the deposition of CaF. with
MOCVD dates back to 1989 when the bis(pentamethyl-cyclopentadienyl)calcium was
applied as calcium source together with SiFs+ or NFs as fluorine source [29]. More
recently, fluorine free pB-diketonate has been applied as calcium source combined
with the use of ammonium hydrogen fluoride as the fluorine source [30]. A few
reports are described in the application of fluorinated precursors to the fabrication of
thin films where polyether adducts of the Ca bis-hexafluoroacetylacetonate have
been applied, namely, the Ca(hfa):etetraglyme [31] and the Ca(hfa)¢diglymeeHO
[32].

NaREF,

The crystal structure of NaREF. exhibits two polymorphic forms, namely, cubic (o)
and hexagonal () phases (fig. 5). The cubic a-NaYF. structure is isostructural to
fluorite. The hexagonal 3-NaYFs structure, of interest in this work due to its efficient
host behavior, presents instead a distribution of cations in the lattice controversial
[33]. The X-ray diffraction patterns of this phase do not fit well the crystalline
structure, reported for the known NaNdF. [33]. The Na:M ratio (M =Y, Nd, Er, Tm,
Yb) of the hexagonal phase deviates from the expected 1: 1 value, and it depends on
the M species and the preparation temperature. Therefore, it is proposed that the {3-
NaYF. phase is isostructural with chloride phases of NasM:xCls stoichiometry (M =
La - Sm). This structure, characteristic of gagarinite, contains only one M3 site which
is occupied by Na* and M3 ions in non-stoichiometric ratios with the final formula
NasxM2xFs (x = 0.45 - 0,5). Therefore, the hexagonal phase is known as NaisY1s5Fs as
well [34].
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Fig. 5 Cubic (a) and hexagonal ([3) phases of NaYFu crystal structure.

Several investigations have shown that the hexagonal phase is a much better host
lattice than the cubic one for energy conversion applications [35]. Therefore, an
accurate control for the selective and reproducible fabrication of the 3-NaREFsLn3*
single phase is a stringent requirement for high energy conversion performance. At
the same time, a controlled dispersion of the luminescent Ln species in the host
matrices plays a key role, since the local environment around the luminescent ions
strongly affects the emission performances of the materials [36]. Until now, several
methods have been employed to obtain Ln doped 3-NaREF: nanocrystals, including
co-precipitation [37], solvothermal [38], thermal evaporation [39], and molten salt
method [40]. Recently, few studies have been reported on the fabrication of complex
core-shell architectures and their up-conversion performances [41]. Only a few
reports are available, to the best of our knowledge, about NaYF. thin films and the

study of their energy conversion properties [42].

YOF

Oxyfluorides' crystal structures (YOF and LaOF) exhibit three different crystal
lattices: cubic, rhombohedral and tetragonal, which is usually nonstoichiometric

(REOnFs2, 0.7<n<1) [43]. The rhombohedral structure (r-YOF) is the stable one, and it
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is strictly stoichiometric (n=1) (fig. 6). The cubic YOF structure occurs as the result of
the phase transition from the rhombohedral phase at temperature of 560-570°C [44].
Tetragonal crystal form has been observed usually in nonstoichiometric compounds,
but additional studies have shown that these materials are more complex than it was
previously assumed; for example compound with general formula REnOn1Fn«2, 5<n <
9 such as YsO4F7, Y6OsFs and Y7OcFs, which crystallize in an ortorhombohedral form
[45-47].

Fig. 6 Rhombohedral structure of YOF.

Lanthanide doped oxyfluorides have been a matter of interest for their utilization in
many important technologies, such as lasers, electronics, therapeutics, displays, solar
cells, catalysis, medicine [48-51]. In addition, there is a growing interest for their use
as bio-markers or nano-sensors [52]. These materials are promising hosts for
preparation of phosphors due to their attractive chemical and physical properties
which may be classified as in between characteristics of fluorides and oxides [44,53].
Alike fluorides, oxyfluorides have low phonon energy and high ionicity which leads

to the efficient luminescence, while, on the other hand, these compounds have great
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chemical and thermal stabilities which resemble properties of oxides [48,49]. In
addition, oxyfluoride nanomaterials are biocompatible and nearly nontoxic to live
cells so they can be used for biomedical applications [51,54].

To prepare oxyfluorides, several methods can be employed: thermolysis method,
fluorolytic sol-gel, hydrothermal method, co-precipitation method, solid state
synthesis [50,55]. To our knowledge, only one study has been reported on the
synthesis of YOF thin film [56].

1.3 Hybrid organic/inorganic systems

Nowadays the organic-inorganic hybrid systems made of inorganic thin film with
surfaces functionalized by covalent attachment of organic molecules have attracted
great attention because of their potential applications in several fields of material
science [57-58] such as sensors [59], dye sensitized solar cells (DSSCs) [60],
optoelectronic devices [61], and heterogeneous catalysis [62]. In these systems,
transition metal oxides thin films are the most promising inorganic materials [63],
due to their wide spectrum of magnetic, electrical, and optical properties [64]. In this
context the anchoring of organic luminescent complexes on the oxide surface [65]
leads to a new multifunctional materials with a wide range of modular properties
[66], and therefore a broad range of applications [67].

Among transition metal oxides, nickel oxide has been chosen as the inorganic
component of the hybrid system due to its multifunctional properties such as high
dielectric constant, low resistivity and UV optical transparency [68]. Nickel oxide
has also electrochromic and antiferromagnetic properties and a p-type
semiconducting behavior. For these wide range of properties NiO has been studied
as material for organic light-emitting diodes (OLED) [69], tandem photocathodes for
dye-sensitized solar cells (DSSC) [70], smart windows [71], Schottky devices [72], and

chemical sensors [73].
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In regard to the synthesis approach for NiO thin films many methods have been
reported in the literature such as thermal evaporation [74], pulsed-laser-deposition
(PLD) [75], reactive magnetron sputtering [76], metal organic chemical vapor
deposition (MOCVD) [77], intermittent spray pyrolysis [78] and sol-gel deposition
[79]. Among these strategies, MOCVD has been chosen in this work as synthetic
method because of its reliable and reproducible production in large scale and highly
uniformity in thickness and composition.

In relation with the nature of inorganic film, the most common functional organic
moieties chosen for the hybrid approach are the molecules having silane [80], thiol
[81], and carboxylic functionalities [82] as anchoring groups. As alternatives, also
organophosphorus compounds were tested as linkers for the functionalization of
metal oxide surfaces [83]. Among these wide families of functional molecules the
attention has been devoted to luminescent lanthanide complexes due to the
exceptional photophysical properties such as high quantum yields, long excited-state
lifetimes, large Stokes shifts and sharp emission profiles related to f—f electronic
transitions. Eu(IIl) complexes have attracted growing interest as efficient
downshifter, probe to sense the chemical environment and for its luminescent
behavior.

For a variety of applications, the possibility of a fast, high efficient and reproducible
assembly method of molecules into nanostructured solid substrates is of a great
importance. Up to date, most of the synthetic approach to prepare hybrid systems
have applied solution routes such as sol-gel procedure [84], Langmuir-Blodgett
techniques, self-assembly procedures and gas-phase route such as atomic layer
deposition, and very recent molecular layer deposition [85].

Molecular layer deposition is a solvent free method to create conformal coating
organic molecular layers with self-limiting reactions on the surface and an excellent
molecular-level control of thickness and composition [86].

Recently, organic-inorganic hybrid systems were reported by E. Smecca et al. [87].

They applied a multistep process with the NiO surface activated by Ar*ions sputter
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process and functionalized using a solution route with a phosphonic linker, followed
by the coordination of the Eu(tta)sphen (tta= 2thenoyltrifluoroacetonato), (fig. 7) to

form the self-assembled monolayer.
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Fig. 7 Grafting steps and compounds used for the preparation of functionalized NiO in ref. [87].

1.4 Inorganic halide perovskite

The compounds belonging to the family of perovskites show a variety of mechanical,
electrical, magnetic, optical, and transport properties [88-91], and for these reasons
are nowadays key materials for many technologies. A few examples include
piezoelectrics [88], photovoltaic absorbers [89], and multiferroic magnetoelectrics
[90]. In the last years, inorganic halide perovskite and organic-inorganic halide
perovskite materials (e.g., MAPbIs, FAPbIs;, etc.; where MA = CHsNH*, FA =
CH(NH2)*") have been studied intensively for photovoltaic applications. Since the

first demonstration of their use in solar cells [92], the research field on perovskite
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solar cells (PSCs) attracts worldwide attention, as shown by a rapid increase in the
number of publications [93], and together with a record in the power conversion
efficiency. In fact, the power conversion efficiencies of perovskite solar cells have
exhibited an increase and has reached the highest value of 22.1% [94]. For these
reasons, perovskite solar cells are considered the most promising candidate for the
next generation solar cell technology with low-cost, low-temperature processing,
flexible substrates, and large-area fabrication processes [95-96].

An ideal perovskite lattice structure with formula ABXs has the simple cubic crystal
structure of CaTiOs, consists of octahedrons of X anions with B cations in their center,
and A cations occupying the 12-fold coordinated site located in the middle of the
cube constituted by eight octahedra (fig. 8). However, this cubic structure is rather
uncommon, and many distorted variants are observed in natural and synthetic
materials. The reason for the large range of possible compositions and material
properties is due to the fact that the perovskite crystal structure is able to

accommodate atoms A, B, and X of different sizes and with different oxidation states.

Fig. 8 Perovskite structure.

Highly efficient perovskite solar cells are composed of a structure with an
organic/inorganic monovalent cation, A = methylammonium MA: CHs:NH?*;

formamidinium FA: CH(NH2)*, Cs*, Rb*; a divalent metal cation, B = Pb%, Sn?*; and
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an halide anion X =17 Br~; Cl". In 2012, Kim et al. [97] reported the introduction of an
all solid-state lead-based perovskite such as CHsNHsPbls Methylammonium lead
iodide (MAPDIs). Since then, the study of perovskite solar cells has been increasing
and higher and higher energy conversion efficiency records are being reported [98].
These hybrid lead-based materials have excellent properties and contain elements
that are both cheap and abundant. However, the presence of lead leads to several
problems due to its toxicity, and they tend to partially decompose when exposed to
air, water, ultra-violet light, or heat [99]. For these reasons, several substitutions have
been attempted to improve the properties and performances of these material. For
example lead in MAPDbI: has been successfully replaced by Sn, and I- by other
combination of halide ions [98-100]. Another route to improve the stability of PSCs is
to explore novel perovskite materials and find alternatives to replace organic
component. In this field, there was a growing development of all-inorganic PSCs by
excluding the organic species sensitive to the ambient environment. The all-inorganic
PSCs do not have any labile or expensive components and show remarkable stability
under high-humidity conditions (90-95% relative humidity, 25 °C) and extreme
temperatures (100 or —22 °C) even without encapsulation, and therefore, the
instability of traditional hybrid PSCs can be avoided [101]. Unlike the hybrid PSCs,
the entire fabrication process of all-inorganic PSCs can be operated in ambient
atmosphere without humidity control. Recently, Akbulatov et al. [102] in their work
report a study on thermal and photochemical degradation of a series of systems
APDbXs (X =1, Br) with hybrid organic (A*= CHsNHs) and inorganic (A* = Cs*) cations
under anoxic conditions. They show that the hybrid materials are intrinsically
unstable with respect to the heat- and light-induced stress and, therefore, can hardly
sustain the real solar cell operation conditions. On the contrary, the cesium-based all-
inorganic complex CsPbXs lead halides show superior stability and, therefore,
potentially achieve the creation of highly efficient and stable perovskite solar cells,

also considering that no degradation products with lead are present after the tests.
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CHAPTER 2

MOCVD fabrication of Ln3* doped fluoride thin films

A simple metal organic chemical vapor deposition approach is applied to the
fabrication of CaF: nanostructured thin films using the fluorinated “second-
generation” 3 -diketonate compound Ca(hfa)2¢diglymeeH20O as a Ca-F single-source
precursor. The versatility of the process is demonstrated for the fabrication of up-
converting Yb/Er and Yb/Tm codoped CaF: films on Si, quartz, and glass substrates.
The Ln(hfa)sediglyme (Ln = Tm, Er, Yb) precursors are used as sources of the doping
ions.

In addition, metal organic chemical vapor deposition method has been successfully
applied for the synthesis of NaYFs and KYFs thin films. The fluorinated “third-
generation” bimetallic precursors NaY(hfa)setetraglyme, synthetized in a previous
work (vide infra), and the novel KY(hfa)s®tetraglyme have been the starting point
and the preliminary results confirm that the MOCVD approach yields reproducibly
and selectively the synthesis of films of the pure KYF: phase and of the pure
hexagonal NaYF: phase, which show the best host behavior for the Ln doping ions
compared to the cubic structure, and without any impurity.

These final goals have been achieved through an accurate optimization of the
operative parameters, such as the deposition temperature, the vaporization
temperature of the precursors, the choose of the substrates and their positions inside
the reactor.

Structural, morphological, and compositional characterization of the films shows the
formation of polycrystalline thin films with a very uniform surface and suitable

doping. In fact, an appropriate tuning of the mixture composition for the lanthanide
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doped CaF: system, i.e. the Ca:Ln ratio in the multicomponent source, permits the
deposition of films with the desired stoichiometry. The Ln* doped CaF: films show
promising up-conversion properties in the visible and near infrared regions upon

laser excitation for different doping mixtures.

2.1 Introduction

Alkaline earth fluoride materials have attracted great attention due to a wide variety
of applications in dielectrics, optics, optoelectronics, and photonics [14]. In
particular, alkaline earth fluoride such as MF. (M: Ca, Sr) and MREF4 (M: Na, K; RE:
Y, Gd) has been regarded as the most efficient hosts for up-conversion (UC) or down-
conversion emissions, also due to their low phonon energy, which minimize non-
radiative de-excitation processes [5-8]. UC and DC processes could enhance the
efficiency of photovoltaic devices since it makes possible to collect the radiation
energy outside the absorption range of the photoactive material (usually silicon) by
shifting its energy to a more suitable optical region. In addition, rare-earth doped
fluoride compounds are promising luminescent materials as phosphors and in
technological applications as micro- and nanoscale thermometry for microelectronics
and for biomedical assays [9-11].

Several studies are available on the deposition methods applied for fabrication of
alkaline earth fluoride films such as sputtering [12,13], atomic layer deposition [14],
molecular beam epitaxy [15,16], sol-gel chemical routes [17]. Nevertheless, the metal
organic chemical vapor deposition (MOCVD) has the potential advantage of being a
very reliable and reproducible method for the fast production of films with high
uniformity degree in both thickness and composition over large areas.

MOCVD has been already applied to the deposition of the fluorite films;
nevertheless, most of these reports used a fluorine-free calcium source, thus a second

precursor is needed as the fluorine source [18].
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2.2 Ln* doped CaF: thin films: MOCVD fabrication and their up-conversion

properties

In this study, we report for the first time the synthesis of CaF: films doped with
Yb*,Er®* or Yb*,Tm* through a simple MOCVD route on various substrates using a
molten mixture consisting of the Ca(hfa):ediglymeeH-O and the suitable
Ln(hfa)sediglyme [Ln = Yb, Er, Tm; Hhfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedione;
diglyme = 2-methoxyethyl ether] precursors in an appropriate stoichiometric ratio

(structures in fig. 1).

Fig. 1 Ca(hfa):¢diglyme*H:0 and Ln(hfa)s®diglyme structures.

The advantages of the present approach are various:

I.  the metal precursors represent also a source of fluorine, thus avoiding the
use of harmful hydrogen fluoride (HF) or other fluorine sources during the
deposition step;

II. the application of all the required metal precursors in a unique
multicomponent mixture allows for an easy control of the precursor source

by simply adjusting the stoichiometric ratio;
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III.  the use of the same polyether (diglyme) to complete the coordination sphere
of calcium and lanthanide ions avoids the undesirable potential ligand
exchange.

The structural, morphological, compositional, and luminescent properties point to
the formation of good quality CaF: films with promising up-conversion properties
reflecting the correct stoichiometry of the films. The films were deposited on glass,
quartz, and Si (100) substrates.

Given the same nature of the ligand and similar vaporization temperature ranges of
the single precursors [19-21], no ligand exchange occurs and an efficient vaporization

without thermal degradation takes place.

2.2.1 Experimental Section

The Ln(hfa);ediglyme precursors were synthesized as previously reported in refs.
[19] and [22]. The Ca(hfa).#diglyme®H>O adduct has been prepared through a one-
step reaction from the calcium oxide, Hhfa and diglyme ligands in dichloromethane
under refluxing. The synthesis has been carried out starting from the CaO (0,40 gr;
0.71x10?mol) suspended in dichloromethane (40 ml) with diglyme (0,770 ml, 0,71x10-2
mol) and H-hfa (1ml, 1.42x10mol). The mixture was refluxed, under stirring, for 90
min. The solution was collected by filtration under vacuum and the excess of CaO
was filtered off. White crystals were obtained upon evaporation of the solvent, were
washed two times in pentane and recovered by filtration.

The films were deposited on glass, quartz, and Si (100) under low-pressure in a
horizontal hot-wall reactor, in the 450-550 °C temperature range. An appropriate
ratio of the Ca, Yb, and Er (or Tm) complexes were used at 120°C, a suitable
temperature for an efficient vaporization without thermal degradation. Under this
condition the source is a molten mixture, since the Ca(hfa):¢diglymeeH.O and
Ln(hfa)sediglyme melt in the 106-109 °C and 72-76 °C ranges, respectively. Heating

rates of 40 and 8 °C min™ were used for the reactor chamber and the vaporization
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reservoir, respectively. Argon was used as a carrier gas, while oxygen as the reactant
gas was introduced in the main flow into close proximity to the reaction zone.

Film structure was analyzed by XRD in glancing incidence mode (0.5°) using a
Smartlab Rigaku diffractometer, equipped with a rotating anode of Cu Ka radiation
operating at 45 kV and 200 mA. Film morphology was analyzed by FE-SEM using a
ZEISS SUPRA 55 VP field emission microscope. The films deposited on Si were
analyzed as-dep, while films deposited on glass or quartz were Au-coated prior FE-
SEM characterization. The EDX spectra were recorded using an INCA-Oxford
windowless detector, having a resolution of 127 eV as the full width half maximum
(FWHM) of the Mn Ka.

For the luminescence characterization, the samples were excited at 980 nm using a
diode laser as the source (CNI Optoelectronics Tech), with an intensity of 3.2 W
mm= The emission spectra were detected by a Black Comet SR Spectrometer

(StellarNet Inc), with optical spectral resolution of 1 nm.

2.2.2 Results and discussion

XRD analysis

The X-ray diffraction (XRD) analysis of the samples CaFz: Yb 18%, Er 2% (mol % with
respect to the total metal content) deposited at 500°C on Si (100) exhibits patterns
associated with a cubic CaF: phase (ICDD No. 35-0816) (fig. 2). The diffraction
features observed at 20 values of 28.25°, 32.75°, 47.00° and 55.75° are associated with
the 111, 200, 220, and 311 reflections, respectively. The XRD measurements of films
deposited at lower and higher temperatures and on different substrates show similar
patterns. A closer look to the patterns, recorded with a 0.02° resolution, of films
containing different amounts of Yb?* ions reveals a small shift of the peak positions
with respect to those found for the undoped CaF: film (fig. 3). A magnification of the

220 reflection is reported in fig. 4. The red line indicates the position of the ICDD
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CaF2 220 peak; a slight shift toward higher angles is found for all the Yb* doped CaF:
films.

This behavior may be correlated on the one side to the ionic radii of the involved
doping ions and on the other hand to the need of charge balance due to the different

charge 2+ of calcium and 3+ of lanthanide ions, which can be compensated with

additional fluoride ions.
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Fig. 2 XRD pattern of the CaF2: Yb(18%), Er(2%) film deposited at 500 °C on Si.

37



2

Graphite
111 CaF

Intensity (A.U.)

CaF 7% Yb
CaF, 18% Yb
CaF, 23% Yb

loped

™

Fig. 3 XRD patterns of CaF: films doped with different amount of Yb: undoped, 7%,18% and 23%.

2 0 /degrees

CaF, undoped
CaF,: Yb (7%)
CaF2: Yb (18%)
CaFZ: Yb (22%)

Intensity (A.U)

464 468 47.2

Fig. 4 A magnification of the 220 reflection of the CaF: films doped with different amount of Yb.
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The lanthanide ions are supposed to substitute calcium, thus assuming an eight

coordination, considering that the Ca? and Ln* ions have similar ionic radii, with

Ca> = 1.12 A and the Ln* ranging from 1.16 A (La*) to 0.977 A (Lu*), in eightfold
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coordination [23]. In particular, the Yb%, Er*, and Tm?3* ions have ionic radii of 0.985,
1.004, and 0.994 A, respectively (in eightfold coordination) [23], slightly smaller than
the Ca? ions. Therefore, a mere effect due to substitution of Ca* by Ln* ions gives
rise to a shift toward higher 20 angles.

The a-axis parameters of the CaFz: Yb, Er films and for an undoped MOCVD-grown
CaF: film have been determined as average of all the values obtained from the
individual reflections by using the relationship between hkl and the lattice parameter
for a cubic structure, and they are reported in Table 1 as a function of the ytterbium
doping. In this context, it is worth mentioning that the a-axis parameter has been

estimated using graphite as an internal standard.

Sample Yb? A-axis
[%] (Al
CaF, (ICDD No. 35-816) - 5.4630
CaF, film Undoped 5.46(0)
CaF, film 7 5.45(3)
CaF, film 18 5.44(6)
CaF, film 23 5.44(5)

A Determined by EDX.

Table 1. Values of the a-axis parameters of the CaF2:Yb%, Er® films grown on quartz at 500 °C.

The energy dispersive X-ray (EDX) analysis confirms that the Yb% ions are
incorporated in the films, but further experiments are needed to clarify the reason of
the observed similarity between the a-axis parameter for the two 18% and 23%
ytterbium doped films. The decrease of the a-axis parameter may be related to the
slight smaller ionic radius of Ln* vs Ca* and it clearly indicates that the lanthanide
ions are incorporated in the crystalline lattice. Nevertheless, both the difference of the

ionic radii of the metal ions and the effect of the charge compensation, which could
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be satisfied by the insertion of interstitial fluoride ions or clusters, has to be
considered to explain the peak shift.

In addition, thermal stresses between CaF: films and the Si substrate, due to the
considerable difference in their thermal expansion coefficients (vide infra), could
have effect in the lattice parameter of the deposited films. This effect has been deeply
studied in the morphologic characterization and the optimized parameters of time
deposition (60 min), and cooling rate (3 °Cemin™) from deposition temperature to

room temperature, yields crack-free films on Si and thickness of about 500nm.

EDX analysis

Quantitative EDX analysis confirms a uniform stoichiometry on the whole surface for
all the films and for all the deposition temperatures. The EDX spectrum of a film
deposited at 500 °C (fig. 5) shows the L and M lines of ytterbium, the Ka and Kf
peaks of calcium, the Ka peak of fluorine, and the Ka peak of the silicon substrate.
The erbium and thulium peaks, relative to the nominal concentration of 2%, are
scarcely detectable, due to their low concentrations that are on the borderline of the
detection limit of the EDX technique. It is worthy of noting the absence of C and O,
whose Ka peaks should appear at 0.277 and 0.525 keV, respectively.

The concentrations of the dopants, typically used for efficient UC emission [24] of
18% of ytterbium and 2% of erbium or thulium for the CaF: doped films, are found
through EDX in samples deposited at 500°C. An accurate evaluation of the
deposition temperature effect on atomic composition of the Ln dopants in the films
has been done through EDX characterization. At temperatures of 450 °C the
percentage of Ln* found in the films is higher than about 20% compared to the
expected value based on the initial composition of the precursor mixture. On the
contrary, at temperatures of 550 °C, the percentage of Ln* found is lower than about
18%. Finally, at deposition temperature of 500 ° C the percentage composition of the
doping ions obtained is the same of that initially set. Therefore, the doping amount

increases upon increasing the deposition temperature and, on the contrary, decreases
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at temperatures lower than 500°C. This finding may be related to a different
decomposition behavior of the precursors, i.e., the Ca precursor likely decomposes
more easily at lower temperature, so the net result is a major amount of Ca with
respect to Ln, which reflects on the lower doping ratio observed at the lower
temperature. In any case, the deposition temperature permits an accurate tuning of
the stoichiometry, and an appropriate tuning of the mixture composition, i.e., the
Ca:Ln ratio in the multicomponent source, permits the deposition of films with a

desired stoichiometry at whatever temperature.
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Fig. 5 EDX spectrum of the CaF2: Yb(18%), Er(2%) film deposited at 500 °C on Si (001).

FE-SEM characterization

Microstructure and morphology of CaF: films have been studied by field emission
scanning electron microscopy (FE-SEM). The FE-SEM images of the films deposited
on Si (100) do not show a homogeneous surface. Film deposited at 500 °C for 90 min
(fig. 6a) shows some swelling, while films deposited for 60 min show a significant
cracking as observed in fig. 6b. These effects are likely due to the considerable

difference in the thermal expansion coefficients of the CaF: film and that of the Si
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substrate. In fact, the linear thermal expansion coefficient of CaF: spans in the range
16.5-19.4 x 10° °C! versus the linear expansion coefficient of Si that is 2.6 x 10 °C..
The different behavior of swelling or cracking is essentially due to the different
thickness, about 1 um for sample reported in fig. 6a and 500 nm for the sample

reported in fig. 6b.

o
Fig. 6 FE-SEM images of the CaF2: Yb,Er films deposited at 500 °C for 90 min a) and 60 min b) on Si

substrate.

Optimization of deposition conditions, i.e., very slow cooling rate (3 °C min™) from
deposition temperature to room temperature, yields almost crack-free films on Si (fig.
7a). In figure 7b, the cross section of the film deposited on Si at 500 °C allows the
thickness estimation of about 550 nm. Being the duration time 60 min, a growth rate
of about 9-10 nm min™ may be derived. The presently observed growth rate is
similar to that previously reported for the deposition of pure CaF: from the same
precursor under similar conditions [25]. FE-SEM images of films grown on glass and
quartz show a smooth homogeneous surface throughout the entire 10 x 20 mm?
surface. The Yb, Er co-doped CaF: films show crystalline grains of about 150 nm (fig.
7c,d). The CaF2: Yb,Tm have a uniform surface with crystalline grains of about 200
nm (fig. 7ef). The FE-SEM investigations confirm the homogeneity of the film

surfaces, independently of the deposition temperature.
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Fig. 7 FE-SEM images of the CaF2: Yb(18%), Er(2%) films deposited at 500 °C: a) plan view and b) cross
section of films deposited on Si (100); c¢) low and d) high magnification of films deposited on quartz. e)
Low and f) high magnification FE-SEM images of the CaF2: Yb(18%), Tm(2%) deposited at 500 °C on

quartz.

2.2.3 Luminescent proprieties

Up-conversion measurements in the visible and near-infrared regions show that all
the samples under investigation confirm bright luminescence upon 980 nm laser
excitation. The spectra of CaF2:Yb,Er films deposited on Si (100) substrate at 500 °C
are shown in fig. 8a. Upon laser excitation at 980 nm, Er** emissions in the green
region around 525 and 550 nm due to Hup — *his2 and “Ss2 — “Lisz electronic
transitions, respectively, and in the red region, around 660 nm due to *Fo2 — *I1s2
transitions, indicating that Yb% — Er® UC processes are present. The complete
assignments of the emission bands are reported in the caption of Fig. 8b and are in
perfect agreement with the bands observed in the energy level diagrams for the Er®
and Yb* ions and up-conversion mechanisms upon 980 nm laser excitation (Fig. 8b).
It is noted that the red emission is stronger than the green one so that the
luminescence at the naked eyes appears to be yellow-orange. The enhancement of the

red emission with respect to the green one can be ascribed to the high Yb3
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concentration (around 18% with respect to the total metal content) in the CaF: host,

as also observed for other up-converting nanomaterials [26].

Intensity (A. U.)

Fig. 8 a) Room temperature UC emission spectrum of a CaF2:Yb(18%), Er(2%) film deposited on Si
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substrate at 500 °C. The peaks correspond to the Er3* transition: (I) 2Hi2 — 4l1si2; (II) 4S32 — 4l1sp2; (I11)

4Fop2 — “I1s12. b) Energy level scheme for the Er* and Yb?** ions and up-conversion mechanisms upon

980 nm laser excitation (laser intensity 3.2 W mm2).

The emission spectra of the samples doped with Tm?* show several bands in the UV,

visible, and NIR regions, with the strongest band observed in the blue region. The

up-conversion properties are similar for the film deposited on Si (fig. 9a) or on quartz

(Fig. 9b). The spectrum may be assigned considering the following Tm?* transitions:

(I) 'D2 — 3Hs; (II) 'D2 — Fy; (III) 'Gs — Hs, (IV) 'D2 — 3Hs, (V) 'Gs — 3Fs, (VI) 1G4 —

3Hs, (VII) *Hs — 3H (fig. 10).
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Fig. 9 UC emission spectra of CaF2:Yb(18%),Tm(2%) films deposited at 500 °C on a) Si and b) quartz
substrates. The peaks correspond to the Tm? transition: (I) 'D2 — 3Hs; (II) 'D2 — 3F4; (III) 'Gs — 3Hs,
(IV) 'D2 — 3Hs, (V) 'Gs — 3F4, (VI) 'Gs — 3Hs, (VII) °®Hs — 3Hs. All spectra were collected at room

temperature upon 980 nm laser excitation (laser intensity of 3.2 W mm).
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Fig. 10 Energy level scheme for the Tm?* and Yb?* ions and up-conversion mechanisms upon 980 nm

laser excitation.

For both kinds of co-doped samples, the UC emission is clearly visible, indicating

that an efficient Yb* — Er® or Tm* energy transfer is present. Some differences in
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the relative intensities of the Tm3 emission bands are observed for samples
deposited on silicon and quartz substrates, in particular for the 'D2 — °Fs and 'Gs —
’Hs emission transitions. Presently, this behavior cannot be easily rationalized, and it
could be tentatively attributed to an effect of cross-relaxation processes among the
Tm3 ions, due to possible clustering of the lanthanide ions [27]. Additional
experiments using samples at different Tm3 concentration would be necessary in

order to shed light on this issue.

2.3 NaYF: thin film: MOCVD growth of cubic and hexagonal phases

In the present work, preliminary results on the MOCVD synthesis of NaYF.
nanostructured thin films are reported using the novel fluorinated bimetallic -
diketonate compound, synthetized in a previous work [28], NaY(hfa)setetraglyme
(Hhfa = 1,1,1,5,5,5 — hexafluoro - 2,4 - pentanedione; tetraglyme = 2, 5, 8, 11, 14 —
Pentaoxapentadecane ), which acts as single precursor for the metal components and
the fluorine. An accurate optimization of the operative parameters, such as the
deposition temperature and the substrates’ positions inside the reactor, has been
carried out to stabilize the fluoride hexagonal -NaYFi phase that shows the best host
behavior for the Ln doping ions compared to the cubic structure in the photovoltaic
applications. X-ray diffraction and field emission scanning electron microscopy, lead
to the evaluation of the deposition temperature on the final phase of the film and
point to the formation of good quality hexagonal NaYFs films with a uniform and

nanostructured morphology.

2.3.1 Experimental Section

The films were deposited on Si (100) under low-pressure in a horizontal hot-wall
reactor, in the 350-500 °C temperature range. The single precursors was used at

160°C, a suitable temperature for an efficient vaporization without thermal
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degradation. The NaY(hfa)setetraglyme precursor was synthesized as reported in ref.
[28]. Heating rates of 30 and 8 °C min™ were used for the reactor chamber and the
vaporization reservoir, respectively. Argon was used as a carrier gas, while oxygen
as the reactant gas was introduced in the main flow into close proximity to the
reaction zone. The XRD and FE-SEM characterizations of the films were carried out

in analogous configuration equipment of the previous paragraph 2.2.1.

2.3.2 Results and discussion

The novel Na-Y precursor, provided by Battiato et al. [28], has been the starting point
for the MOCVD growth of 3-NaYFi . The NaY(hfa):etetraglyme complex has a ionic
structure in which the rare earth metal is complexed by the (3-diketonate hfa- and the
alkaline metal is complexed only by the tetraglyme, according to the general formula

[Y-(hfa)s] [Na-tetraglyme]* (fig. 11).

Fig. 11 Ball and stick view of the [Y(hfa)s]- [Naetetraglyme]* complex (reprinted from ref. 28).

It is worth noting that this complex has been synthetized with a high yield in a single
step, low-cost route from commercially available chemicals. The adduct is anhydrous
and soluble in common organic solvents such as ethanol, dichloromethane, acetone.

In regard to mass transport properties and thermal behavior studies of this
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precursor, atmospheric pressure thermal gravimetric analysis and the differential
scanning calorimetric data make it particularly attractive for preparation of Na, Y
and F solid phases through the MOCVD approach.

The films deposited were characterized by XRD and FE-SEM analysis. These
investigations allowed to evaluate the deposition temperature and the position of the

substrates in the reactor on the films structure.

XRD analysis

In fig. 12a it is reported a diagram of the NaYF. phase stability, obtained through
XRD analysis, in relation of deposition temperatures and positions A and B of the
silicon substrate inside the hot wall horizontal MOCVD reactor. The A position
corresponds to a site located closer to the precursor source in which the temperature
is 100 °C lower than the nominal temperature of the reactor; and the B position
corresponds to a site located closer to the center of the reactor in which the
temperature is 50 °C lower than the nominal temperature (fig. 12b).

As evidence in this graph, at temperatures up to 400 ° C only the cubic structure has
been obtained. At the temperature of 450 ° C the position of the substrates has a
crucial role: the hexagonal phase is present for the films located in B, while in
position A only a cubic structure is present. At 500 °C, on the other hand, only the
hexagonal phase is present for all the films in both positions.

These data, which could appear in contrast with what has been observed in the
literature, i.e. that the hexagonal phase is stable at lower temperatures [29], could be
interpreted considering the growth technique that does not work under
thermodynamic equilibrium conditions and sometimes stabilizes different phases
from those thermodynamically stable in that given temperature range. These results
can be traced back to a delicate balance between thermodynamic and kinetic factors
in the formation of the phase.

Figure 13 shows the diffractograms of the deposited films with a cubic and

hexagonal structure. The XRD measurements of samples NaYF:deposited on Si (100)
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exhibit patterns associated with a cubic a- phase according to the ICDD 06-0342, due
to the presence of peaks at 20 values of 28.40°, 47.15°, and 56.05° associated with the
111, 220 and 311 reflections, respectively. The hexagonal 3-NaYFs films nature has
been assessed through the patterns showing the presence of peaks at 20 values of
17.20°, 30.05°, 30.80°,34.85°, 39.65°, 43.50°, 46.60°, 53.30°, 53.75°, and 55.20°, associated
with the 100, 110, 101, 200, 111, 201, 210,300, 211 and 102 reflections, respectively, of
the B-phase (ICDD 16-0334).
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Fig. 12 a) Diagram of the NaYF4 phases, obtained through XRD analysis, in relation of deposition temperatures

and positions A and B of the substrates; b) scheme of hot wall horizontal MOCVD reactor.
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Fig. 13 XRD patterns of NaYFu films grown on Si(100) at 450°C in different positions.

FE-SEM characterization

Microstructure and morphology of NaYFs thin films have been studied by field
emission scanning electron microscopy (FE-SEM). The FE-SEM images of the films
deposited on Si(100) for 60 min show a homogeneous surface for all the samples,
independently of phase structure, deposition temperature and their position inside
the reactor. However, SEM images in fig. 14 show different morphologies in relation
with the phase and the temperature in which they were deposited and on the basis of
their position A or B inside the reactor. The a-NaYF. film deposited at 350 °C (fig.
14a) shows very small coalescence grains, while films deposited at 400 °C (fig. 14b)
have a uniform surface with crystalline grains of about 100nm. At higher
temperature 450°C and 500°C, the (-NaYF: thin films show similar smooth
morphologies with “plate like” grains of about 250nm (fig. 14c,d).

The NaYF: thin films obtained at 450°C for 60 min on Si(100) have the cubic or the

hexagonal structure in relation to their position A or B in the reactor and thus shows
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two different morphologies: the 3-NaYFs film in fig. 14e has a smooth surface with

plate-like grains of about 250-300nm, the a-NaYF: film in fig. 14f has a

nanostructured surface with very small grain of about 50nm. These morphologies

could be explained due to the difference balance of nucleation and grown rate of the

films in the two positions, in which the amount of precursor is different.

T =350 °C
pos. A
()L-NaYF4

T =450°C
pos. B
B-NaYF4

300 nm
—

T =400 °C
pos. A
oz-NaYF4

T =450 °C
pos. A
()t-NaYF4

Fig. 14 FE-SEM images of the NaYF1 deposited on Si(100): a) a phase at 350 °C in A; b) a phase at 400

°Cin A; ¢) § phase at 450 °C in B; d) 3 phase at 500 °C in B. Low magnification FE-SEM images of
NaYF. deposited on Si(100) at 450°C e) in pos B (f phase) and f) in pos A (a phase).
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24 KYF: thin films: MOCVD synthesis through a new p-diketonate

heterobimetallic potassium-yttrium precursor

A metal organic chemical vapor deposition method has been successful applied for
the fabrication of KYF4 nanostructured thin films using the novel “third-generation”
fluorinated bimetallic (-diketonate compound, KY(hfa):etetraglyme (Hhfa =
1,1,1,5,55 — hexafluoro - 2,4 - pentanedione; tetraglyme = 2, 5, 8, 11, 14 -
Pentaoxapentadecane), which acts as single-source precursor for the metal
components and the fluorine.

The novel KY(hfa):etetraglyme adduct has been synthesized through a one-step
reaction with a high yield in the form of white non-hygroscopic crystals. The adduct
was characterized by infrared spectroscopy (FI-IR), energy dispersive X-ray (EDX)
analysis, differential scanning calorimetry analysis (DSC) and thermogravimetric
analysis (TGA).

The precursor KY(hfa)ietetraglyme has been the starting point, as preliminary
MOCVD results confirm, to yield , through an accurate optimization of the operative
parameters, reproducibly and selectively the synthesis of the pure KYF: phase.
Structural, morphological, and compositional characterization of the films shows the

formation of polycrystalline thin films with a very uniform surface.

2.4.1 Experimental section

The KY(hfa)setetraglyme adduct synthesis finds counterparts in the route previously
considered by Battiato et al. [28] for the analogous NaY(hfa)setetraglyme complex.

The precursor has been prepared by the reaction of Y(NOs);:6HO (1,34 gr; 3.52x103
mol) and KOH (0,98 gr; 1.75x102 mol) suspended in dichloromethane (60 ml) with
tetraglyme (0.770 ml, 3.52x10-* mol) and H-hfa (2ml, 1.41x102 mol). The mixture was
refluxed, under stirring, for 90 min. The solution was collected by filtration under

vacuum and the excess of KOH and Y(NOj3)36H,O was filtered off. White crystals
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were obtained upon evaporation of the solvent, were washed two times in pentane
and recovered by filtration. The films were deposited on Si(100) under low-pressure
in a horizontal hot-wall reactor, in the 450-500 °C temperature range. The complex
was vaporized in the 150°C-180°C temperature range, for an efficient vaporization
without thermal degradation. Heating rates of 40 and 8 °C min™ were used for the
reactor chamber and the vaporization reservoir, respectively. Argon was used as a
carrier gas, while oxygen as the reactant gas was introduced in the main flow into
close proximity to the reaction zone, with a constant flow of 200 ml/min.

Film structure was analyzed by XRD in glancing incidence mode (0.5°) using a
Bruker D5005 diffractometer. Film morphology was analyzed by FE-SEM using a
ZEISS SUPRA 55 VP field emission microscope. The atomic composition of the
complex and deposited film was performed by energy dispersive X-Ray (EDX)
analysis using an INCA-Oxford windowless detector, having a resolution of 127 eV

as the full width half maximum (FWHM) of the Mn Ka.

2.4.2 Synthesis and characterization of the novel KY(hfa):*tetraglyme

The KY(hfa)setetraglyme adduct has been prepared through a one-step reaction from
the potassium hydroxide, yttrium nitrate, Hhfa and tetraglyme ligands in
dichloromethane under refluxing for 90 min. After solvent evaporation, the complex
appears in the form of white non-hygroscopic crystals that can be handled in air and
that show a melting temperature around 59-62 °C. The adduct is anhydrous and
soluble in common organic solvents such as ethanol, dichloromethane, acetone. This
synthetic strategy produces the product with a high yield (83%) in a single step and
low-cost route.

Given the nominal stoichiometry and the thermal proprieties analogous to the
[Y:(hfa)s] [Na-tetraglyme]* adduct, it is likely that the present complex has an ionic
structure in which the ittrium is complexed by four (B-diketonate hfa- and the

potassium is complexed by the tetraglyme, according to the following structure
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[Y:(hfa)s] [K-tetraglyme]*. A definitive proof could be given by single crystal X ray
diffraction characterization, which is under course.

The FT-IR transmittance spectrum (fig. 15a) of the KY(hfa)s®tetraglyme shows the
peaks at 1674 cm™ and at 1560 associated with C=O stretching and C=C stretching
respectively, due to the B-diketonate ligand. The bands at 1014, 862 and 837 cm™! can
be associated with glyme modes. In addition C-H glyme stretching modes, lying in
the 2800-3000 cm™ range, overlap with nujol features. In fact, the nujol shows peaks
at 2923 cm, at 1461 cm™ and at 1377 cm™. The broad band observed in the 1000-1300
cm’! range may be associated with absorptions of the polyether C-O bending and/or
stretching overlapped with the C-F stretching. The small bands around 3500 cm!
range indicates the presence of coordinated water molecules, which probably
saturates the potassium coordination sphere.

In regard to thermal behavior of this bimetallic precursor, differential scanning
calorimetric data (fig. 15b) in atmospheric pressure (10°C/min under N2) shows one
endothermic peak at 60 °C, due to the melting of the adduct, while the exothermic
peak at a higher temperature at 264°C, is likely due to exothermic processes
associated with the ligand losses.

The characterization of mass transport properties behavior of the precursor, carried
out in atmospheric pressure thermal gravimetric analysis (TGA, 5°C/min under N2),
reveals that the weight loss takes place in a single step, in the 245-255°C range, with a
residue of about 16 % at 350 °C (fig. 15c). This weight loss may be associated with the
decomposition of the adduct that loses both the hfa and the tetraglyme ligands
leaving KF and YFs residue (theoretical value of the residue of 16.8%). The evaluation
of complex thermal stability at different temperatures has been carried out through
isothermal thermogravimetric measurements in the 150-190°C range for a total
duration of 60 min (fig. 15d). These data point to a mass loss that is linearly
dependent on vaporization time in the range 150-170°C, excluding secondary
phenomena. At highest temperature, the observed non-linear behavior suggests a

partial decomposition under atmospheric pressure.
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Energy dispersive X-ray (EDX) analysis (fig. 16) established the quantitative crystals
composition in various sites in term of metal ratio. The EDX spectrum of the adduct
shows the typical La line of the Y, and the Ka and K@ lines of the K. The presence of
the ligand is confirmed to the F Ka peak at 0.670 keV, the peak at 0.520 keV
associated with the O Ka, and the K a peak at 0.525 keV due to the presence of the C.
The quantitative analysis confirm the correct stoichiometry for the

KY(hfa)setetraglyme adduct with a K:Y ratio of 0,85 : 1.
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Fig. 15 a) FT-IR transmittance spectrum; b) DSC curve; ¢) TGA curve; d) isothermal thermogravimetric

curves in the 150-190°C range of the KY(hfa)s.tetraglyme adduct.
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Fig. 16 EDX spectrum of KY(hfa)stetraglyme crystals.

2.4.3 KYF: MOCVD synthesis: results and discussion

XRD analysis

The X-ray diffraction (XRD) analysis of the samples deposited on Si (100) for 60 min
at different vaporization temperature of precursor source (Tvap1:170°C and
Tvap2:180°C) and different deposition temperature (Taep: 450-500°C) exhibit patterns
associated with different kind of fluoride and oxyfluoride phases (fig. 17).

Sample obtained at Tvap1:170°C and at Taep: 450°C (fig. 17a) shows pattern associated
with the YFs phase, according to the ICDD N.05-0546 and confirmed by the EDX
analysis, which confirm the presence of Y, F and Si peaks and the absence of K and O
signals. Whereas, XRD pattern recorded for sample obtained at Tvap1:170°C and at
Taep: 500°C (fig. 17a) shows pattern associated with the YOF phase, according to the
ICDD N.38-0746 and confirmed by the EDX analysis, which confirm the presence of
Y, F, O and Si peaks and the absence of K signal.

The patterns of samples obtained on Si (100) for 60 min at Tvap2:180°C and at Taep:
450°C and 500°C are reported in fig. 17b and show peaks at 20 values of 21.85°,
26.85°, 31.14°, 40.80°, 44.55°and 52.94° associated with the 111, 111, 200, 224, 220, and
311 reflections, respectively, of the KYF4 (ICDD27-0466).
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These data could be interpreted considering a delicate balance between kinetic and
thermodynamic contribution, that allow the stabilization of a pure KYF. phase only
under controlled condition. In addition, the oxygen flow, fixed at 200 ml/min and
introduced into the reaction during the depositions zone as the reactant gas, could
have effect in the decomposition process of the precursor and in the oxide-fluoride
formation. For this reason other deposition processes in which the oxygen flow has

been modified are under course to establish its effect on the film composition.

a) T vap. prec:170°C
450°C_YF3 (ICDD n.27-0466)

500°C_YOF (ICDD n.38-0746)

Intensity (A.U.)

20 25 30 35 40 45 50 55
2theta (degrees)

T vap. prec: 180°C
450°C _KYF4 (ICDD n.27-0466)

500°C_KYF, (ICDD n.27-0466)

201

|b)

401

110

Intensity (A.U.)

20 25 30 35 40 45 50 55
2theta (degrees)

Fig. 17 XRD patterns of films grown on Si(100) for 60min with Taep: 450-500°C and at a) Tvap1:170°C,
and b) TvapZZlSOOC.

57



FE-SEM characterization

Microstructure and morphology of different kind of films (YFs, YOF and KYF4) have
been studied by field emission scanning electron microscopy (FE-SEM). SEM images
show different morphologies in relation with the phase and the setting temperatures.
The FE-SEM image of the YFs film deposited on Si (100) (Tvap1:170°C and Taep: 450°C)
in fig. 18a shows a homogeneous and uniform nanostructured deposit with very
small crystalline grains. Films obtained under the same condition at higher Taep:
500°C (ftig. 18b) do not have an homogeneous surface, with elongated grains having
different shapes and dimensions. Differently, the films deposited on Si (100) at
Tvap2:180°C show a very compact and smooth surface for the KYF. film at Taep: 450°C
(fig. 18c); and a uniform and nanostructured deposit with a plate grains of about

100nm for the KYFi film at Taep: 500°C (fig. 18d).

=l

Fig. 18 FE-SEM images of the samples deposited on Si(100) at Tvap1 :170°C and a) Tuaep:450°C and YFs

phase; b) Taep:500°C and YOF phase; and at Tvap2:180°C and ¢) Taep:450°C and KYF4 phase; d)
Taep:500°C and KYF4 phase.
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2.5 Conclusion

In summary, a simple MOCVD process has been applied to the fabrication of doped
CaF: based films, using the M(hfa).®diglyme complexes, which act as single-source
precursors for the metal component, the doping ions and the fluorine. The deposited
films are pure CaF: with highly homogeneous surfaces. Depending on the substrate
nature further optimization may be needed to avoid cracking on Si substrates. The
films show promising up conversion properties in the visible and near-infrared
regions upon laser excitation for both Yb*/Er* and Yb*/Tm* doping mixtures.

The -NaYFu thin films have been synthetized through MOCVD approach as well. A
novel Na-Y precursor, provided by Battiato et al. [28], has been the starting point for
MOCVD process and the preliminary results show that: at temperatures up to 400 °
C only the cubic structure is obtained, and at temperature of 500°C only the
hexagonal phase has been obtained. At the temperature of 450 ° C the position of the
substrates has a crucial role. These data can be explained considering a balance
between thermodynamic and kinetic factors.

Finally, MOCVD method has been successful applied for the fabrication of KYF
nanostructured thin films using the novel fluorinated “third-generation” bimetallic
precursor KY(hfa)setetraglyme. The adduct has been synthesized through a one-step
reaction with a high yield and characterized by FT-IR, EDX, DSC and TGA. The
preliminary results confirm that the MOCVD approach yields reproducibly and
selectively the synthesis of the pure KYFa phase; these final goals have been achieved
through an accurate optimization of the operative parameters, such as the deposition
temperature and the vaporization temperature of the precursors.

The X-ray diffraction (XRD) analysis confirms that the MOCVD synthetic approach
yields reproducibly and selectively the doped CaF2, KYFs and 3-NaYF. phase without
any impurity phases. Field-emission scanning electron microscopy (FE-SEM) images
indicate that morphology surfaces, grain dimensions and thickness are strongly

related to the processing parameters.
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Finally, the present MOCVD approach is very challenging also in view of its easy
scalability, which makes it very attractive for industrial scaling up. This synthetic
strategy paves the way for the synthesis of other fluoride phases in thin film forms

for up or also down conversion luminescence.
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CHAPTER 3

Sol-gel approach to the fabrication of Ln3* doped

fluoride thin films

In the present investigation, an innovative sol-gel process has been optimized to
produce up-converting and down converting Ln*doped (3-NaREF: thin films (Ln:
Eu®,Yb*,Tm? ,Er* and RE: Gd, Y), using a mixture of a novel 3-diketonate ““second
generation” sodium precursor, the Na(hfa)etetraglyme [1], and a well-known rare
earth precursors, the RE(hfa)sediglyme (RE=Y,Gd, Eu, Yb, Tm, Er; Hhfa=1,1,1,5, 5,
5 - hexafluoro - 2, 4 - pentanedione; tetraglyme = 2, 5 8 11, 14 -
Pentaoxapentadecane; diglyme = 2- Methoxyethyl ether) [2]. In addition, the sol gel
procedure has been successfully tested for the synthesis of Ln* doped YOF thin film.
The Na(hfa)etetraglyme and M(hfa)sediglyme (M =Y, Gd, Eu, Yb, Tm, Er) complexes
act as single sources of metals and fluorine.

The effects of molar ratio of the precursors, aging time of sol and annealing treatment
have been explored in the evolution of thin films composition, microstructural
features and morphology. In addition, the up-conversion (UC) emission properties of

Ln* co-doped (3-NaREF: have also been investigated.
3.1 Introduction

Great efforts were made in the last years to investigate energy converting (EC)
nanomaterials [3]. Up converting materials (UC) have the interesting property of

generating emission at energies higher than the exciting radiation, in particular in the
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near infrared (NIR) and visible regions. On the contrary, down converting materials
(DC) have the property of generating emission at energies lower than the exciting
radiation. These peculiar properties and the possibility of preparation of nanosized
structures, have attracted a great attention for applications of these materials in
modern technological fields, such as in solar cells [4] and nanomedicine [5]. Very
recently UC nano- or microsized materials have been revealed to be also interesting
for non-contact, high spatial resolution, optical thermometry [6].

Lanthanide (Ln) ions as dopants in EC materials are able to generate luminescence
covering the ultraviolet (UV), visible and NIR spectral ranges [7], that can be easily
tuned by a proper choice of the Ln ions and their concentration.

On the other hand, the choice of an appropriate host, accommodating the
luminescent ions, is of paramount importance, and for this reasons fluorides are very
interesting hosts due to their low phonon energies and therefore reduced
multiphonon relaxation processes for the Ln excited states [8,9].

In particular, hexagonal phases NaGdFs and NaYFs, suitably co-doped with Yb*
/Er*, Yb* /Tm* or Eu* ions, have been proved as ones of the most promising and
efficient EC materials [10-14], more efficient than the cubic phase. Hexagonal phase
NaYFs has been prepared in form of nanocrystals [15-16] and nanocomposites [17-18]
or self-assembled nanoparticles on Si substrate [19]. Nevertheless, applications of the
EC NaYF: phase in solar cells, solid state lasers or in microelectronics, require the use
of material in thin film form. In the literature only few reports have appeared about
the preparation and characterization of co-doped Ln activated NaYFs thin films [20].
In the present work the simple and innovative sol-gel/spin-coating route has been
developed for the reproducible and phase-selective synthesis of Ln-doped [3-NaYFa
and Ln-doped -NaGdF: nanostructured thin films. This final goal has been achieved
through an accurate optimization of the operative parameters such as molar ratio of
the precursor mixture, aging time of sol, spin coating procedure and annealing

temperatures.
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In addition, this approach has been tested for rare earth oxyfluorides YOF:Ln3*
synthesis. The oxyfluorides materials are promising hosts for preparation of
phosphors and also for combining multi-color DS and UC emissions due to their
attractive chemical and physical properties which may be classified as in between
characteristics of fluorides and oxides [21]. Alike fluorides, oxyfluorides have low
phonon energy, high refractive index, and high ionicity which leads to the efficient
luminescence, in addition, these compounds have great chemical and thermal

stabilities which resemble properties of oxides [22].

3.2 Ln* doped B-NaYF: thin films: Sol-gel fabrications and their luminescent

properties

A novel sol-gel and spin-coating approach has been carried out to synthesize Yb%,
Er* and Yb*, Tm* codoped NaYF: nanostructured thin films using the fluorinated
“second-generation”  [-dichetonate = compounds  Na(hfa)tetraglyme  and
Ln(hfa)sediglyme (Ln =Y, Er,Tm, Yb).

The novel Na(hfa)etetraglyme adduct has been synthesized through a one-step
reaction with a high yield in the form of white non-hygroscopic crystals. The adduct
was characterized by single crystal X-ray diffraction, infrared spectroscopy (FT-IR),
Nuclear magnetic resonance spectroscopy (‘H-NMR, *C-NMR), differential scanning
calorimetry analysis (DSC) and thermogravimetric analysis (TGA).

Afterward a systematic study has been carried out to optimize the fluoride phase
formation with the correct stoichiometry and a uniform and nanostructured
morphology. Structural, morphological and compositional characterizations of the
films, carried out through X-ray diffraction, field emission scanning electron
microscopy and energy dispersive X-ray analysis, respectively, show the formation
of polycrystalline NaYFs film with a very uniform surface and rounded grains with
average size of 200 nm. Spectroscopic properties in the visible and near infrared

regions upon laser excitation at 980 nm have been investigated.
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3.2.1 Experimental section

The sol-gel reaction occurred in water/ethanol solution of Na(hfa)etetraglyme,
Y(hfa)sediglyme and Ln(hfa);ediglyme, with Ln = Yb, Tm, for co-doped films. The
Na(hfa)etetraglyme adducts has been prepared according to the procedure reported
in ref. [1] by the reaction of NaOH (1,47 gr; 7.07x10° mol) suspended in
dichloromethane (30 ml) with tetraglyme (1.55 g, 7.07x10-* mol) and H-hfa (1.470 g,
7.07x10° mol). The mixture was refluxed, under stirring, for 1 h. The solution was
collected by filtration under vacuum and the excess of NaOH was filtered off. White
crystals were obtained upon evaporation of the solvent, were washed two times in
pentane and recovered by filtration.

The Ln(hfa)sediglyme complexes were synthesized as previously reported in ref. [23-
24]. For the sol hydrolysis, trifluoroacetic acid (CFsCOOH) was used as catalyst and
different molar ratio of precursors, solvent and catalyst were tested. The sol was aged
at 60°C in a time range from 6 h to 20h and spin-coated on Si(100) and quartz
substrates. The spin-coating process was carried out using a Spin-Coater SPIN-150
SPS Europe, at 3000 round per minute (RPM), time of 60s and speed rate of 1000
RPM/sec. We also tested a new multistep procedure in which spin-coating deposition
is alternated to fast annealing steps at 400°C in air for 10 min. After four steps, films
were annealed at 400 °C in air for 1lh. Film structure was analyzed by X-ray
diffraction (XRD) in grazing incidence mode (0.5°) using a Smartlab Rigaku
diffractometer, equipped with a rotating anode of Cu Ka radiation operating at 45
kV and 200 mA. Film surface morphology was investigated using the field emission
scanning electron microscope, ZEISS Supra 55 VP. The atomic composition of the
sample was performed by energy dispersive X-Ray (EDX) analysis. For the
luminescence measurements, a 980 nm diode laser, in continuous or pulsed modes,
was used as the radiation source (CNI Optoelectronics Tech). The emission spectra
were recorded with a half meter monochromator (Andor, Shamrock 500i) equipped

with a 1200 lines/mm grating and an iDus CCD camera. The optical resolution of the
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spectra is 0.1 nm. The luminescence lifetimes were acquired with a Hamamatsu R928
photomultiplier tube connected to a 500 MHz digital oscilloscope (LeCroy,
WaveRunner LT342). All the spectroscopic measurements were collected at room

temperature.

3.2.2 Synthesis and characterization of a novel Na(hfa) * tetraglyme

The Na(hfa)etetraglyme adduct has been prepared through a one-step reaction from
the sodium hydroxide, Hhfa and tetraglyme ligands in dichloromethane under
refluxing for 1 hour. After solvent evaporation, the complex appears in the form of
white non-hygroscopic crystals that can be handled in air and that show a melting
temperature around 65-68 °C. The adduct is soluble in common organic solvents
such as ethanol, dichloromethane, acetone. It is worth noting that this synthetic
strategy produces an anhydrous adduct with a high yield (86%) in a single step, low-
cost route from commercially available chemicals. The adduct was characterized by
means of single crystal X-ray diffraction. In the Na(hfa)etetraglyme complex, the
sodium cation is seven-coordinated by the five oxygen atoms of the ether and by the
two oxygen atoms of the hfa anion (fig. 1).

The FT-IR transmittance spectrum (fig. 2) of the Na(hfa)etetraglyme shows the peaks
at 1674 and at 1560 cm? associated with C=O stretching and C=C stretching
respectively, due to the -diketonate ligand. The broad band observed in the 1000-
1300 cm™ range may be associated with absorptions of the polyether C-O bending
and/or stretching overlapped with the C-F stretching. In addition, bands at 1015, 861
and 837 cm™ can be associated with glyme modes. The C-H glyme stretching modes,
lying in the 2800-3000 cm™ range, overlap with nujol features. In fact, the nujol shows
peaks at 2923 cm™, at 1461 cm™ and at 1377 cm™. The absence of any bands around
3500 cm™ range confirms the absence of coordinated water molecules, indicating that
the Lewis base tetraglyme saturates the metal centre.

The 'H -NMR and ®*C-NMR characterizations (fig. 3a) confirm the formation of the
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desired complex; in fact the 'H NMR spectrum of the Na(hfa)etetraglyme adduct
shows two singlet at 8=5.08 and 3.4 ppm due to the one proton of the hfa ligand and
to the six equivalent proton of the two methyl groups of the tetraglyme ligand,
respectively. In addition to the singlet, the multiplet at 6=3.5-3.7 ppm represents
resonances of methylenic protons of the tetraglyme. The single peak at 7.2 ppm is

due to the chloroform.
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Fig. 1 ORTEP3 view of the Na(hfa)etetraglyme complex (ellipsoids are drawn at 20% probability).

Hydrogen atoms have been omitted for the sake of clarity.
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Fig. 2 FT-IR transmittance spectrum of the Na(hfa) ®tetraglyme adduct.
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The 13C NMR spectrum (Fig. 3b) shows resonances at § 86 ppm, 118 ppm e 176 ppm
associated, respectively, with a singlet for the CH groups, a quartet for the CF3
groups and a quartet for the CO groups of the coordinated hfa ligands. The quartets
are due to first order (CF3; 1 = 284 Hz) and second order (CO; 2J = 33 Hz) coupling
with the CF3 fluorine atoms. Coordinated tetraglyme gives signals at & 59, due to
methylic carbons (s, OCH3), in the range of & 69-71 there are the signal due to eight
methylenic carbons.

In regard to mass transport properties and thermal behavior of this sodium
precursor, atmospheric pressure thermal gravimetric analysis (TGA, 5°C/min under
N:z) reveals that the weight loss takes place in a single step, in the 130-250°C, with a
residue of about 9.8 % at 350 °C (fig. 4a). This weight loss may be associated with the
decomposition of the adduct that loses both the hfa and the tetraglyme ligands
leaving a NaF residue (theoretical value of the residue of 9.3%). The differential
scanning calorimetric data (fig. 4b) show endothermic peaks at 43°C, likely
associated with a solid-solid phase change, and at 67°C due to the melting of the
adduct, while the exothermic peak at a higher temperature is likely due to
exothermic processes associated with the ligand loss.

The observed thermal features, associated with a high solubility of the adduct in
organic solvents, make it particularly attractive for preparation of Na and F
containing solid phases with the sol-gel technique. In addition, no complexes are

known in the literature as sodium precursors for sol-gel processes.
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Fig. 4 a) TGA, and b) DSC of the Na(hfa)etetraglyme adduct.

3.2.3 Optimization of the sol-gel process for the formation of f-NaYF: phase films

Present data show that the nature of films strictly depends upon the adopted
procedure. The new sol-gel process finds counterparts in the route previously
considered by Armelao et al. for the synthesis of luminescent Eu** doped LaOF thin
films [25]. In particular, molar ratios of the mixture and aging time have been shown
to be the most important parameters. A scheme of the various routes applied to

optimize the formation of the 3-NaYF phase is drafted in fig. 5.
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Fig. 5 Scheme of the processes at different molar ratios, aging time and deposition steps.

The first procedure (route 1 in fig. 5) with a Y(hfa)sediglyme(A): Na(hfa)etetraglyme
(B) ratio of 1:1:

1 Y(hfa)sediglyme : 1 Na(hfa)etetraglyme : 87 C:HsOH : 3 H20 : 0.8 CFs=COOH

annealing temperature (Tam) of 400°C and hydrolysis time of 6h produces non
uniform films containing YOF (ICDD n° 06-0346), as shown in the XRD pattern
reported in fig. 6a. The related FE-SEM image (Fig. 6b) shows a homogeneous
morphology with elongated grains of about 400 nm due to coalescence of nuclei. This
morphology is similar to that observed for the LaOF MOCVD grown films [26].
Nevertheless, the energy dispersive X-Ray (EDX) analyses within the grains and
underneath indicate a not homogeneous composition, with different Na:Y ratios in
the two positions (fig. 7 and 8). In any case, the presence of Na, confirmed through
EDX, points to the formation of an amorphous Na-F phase. In fact, the Na Ka peak is
observed at 1.06 keV, while the Y L peaks are observed in the 1.8-2.2 range keV. In

addition, the windowless EDX detector allowed to detect the F Ka peak at 0.670 keV,
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and a small peak at 0.520 keV associated with the O Ka peak, due to the presence of

the YOF. Subsequently, a molar ratio of:

2 Y(hfa)sediglyme: 2 Na(hfa) ®tetraglyme : 87C2HsOH : 3H:0 : 0.8CFsCOOH

with a Tann of 400 °C and aging time of 6 h has been tested (route 2 in fig. 5), in order
to yield a higher density gel with a consequent more uniform film together with the
formation of the 3-NaYFs phase. The XRD pattern of the sample obtained through
this procedure (fig. 6¢) shows reflections at 26= 30.05, 30.80, 39.65, 43.50, 53.30, 53.75,
55.20°, associated with those of an hexagonal NaYF. structure, in accordance with the
ICDD n° 160334. Peaks associated with the YOF phase are also observed. The related
FE-SEM image (fig. 6d) shows a heterogeneous morphology with grains of irregular
shapes and dimensions ranging from 400 nm to about 600 nm. EDX analyses show
different composition in various zones of the film, in which Na and Y are present in
different ratios (fig. 9 and 10) and are correlated to the presence of the three phases
NaYFs, amorphous NaF and YOF.

A different procedure (route 3 in fig. 5) has been developed with aging time of 20h
and with a new multistep process in which spin coating deposition is alternated to
fast annealing step at 400°C in air for 10 min. After four cycles of spinning/10 min-
annealing, the sample has been treated at 400°C for 1 h. Under these conditions, the
film shows a pure hexagonal phase, as assessed by the XRD pattern (fig. 6e), showing
only the peaks associated with the 3-NaYF: phase. The associated FE-SEM image
shows a homogeneous and uniform film over large areas (1x 2 cm) with rounded
grains of = 250 nm (fig. 6f). Quantitative EDX analysis confirms the correct

stoichiometry for the NaYFs phase with a Na:Y ratio of 1.0:0.95 on the whole surface.
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Fig. 6 XRD patterns and FE-SEM images of NaYF. films grown on Si (100) under different
conditions: route 1, 400°C, 6h, molar ratio 1:1:87:3:08 (a,b); route 2, 400°C, 6h, molar ratio 2:2:87:3:08
(c,d); route 3, 400°C, 20h, molar ratio 2:2:87:3:08 and multistep procedure (e,f).
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Fig. 7 EDX spectrum recorded in position 1 of the sample obtained through route 1.
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Fig. 8 EDX spectrum recorded in position 2 of the sample obtained through route 1.
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Fig. 10 EDX spectrum recorded on the other side of the sample obtained through route 2.
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A comment deserves the comparison between the (-NaYF. thin films obtained
through sol-gel process and the same material obtained through MOCVD process,
described in chapter 2.

The starting point for the MOCVD synthesis of NaYFs nanostructured thin films has
been the novel fluorinated bimetallic 3-diketonate compound, NaY(hfa):etetraglyme
precursor. The synthesis has been conducted through an optimization of the
operative parameters, such as the deposition temperature and the substrates’
positions inside the reactor in order to stabilize the hexagonal structure. The FE-SEM
images of the films show a homogeneous surface for all the samples with different
morphologies in relation with the a or 3 phase. The 3-NaYF: thin films show
uniform and smooth surface morphologies with “plate like” grains of about 250 nm
(cap.2 fig. 14c,d cap.2) and a thickness of about 500 nm.

Differently, the sol gel synthesis of 3-NaYFa thin films has been conducted using the
fluorinated (-diketonate compounds Na(hfa)tetraglyme and Ln(hfa)sediglyme (Ln =
Y, Er,Tm, Yb) and an appropriate turning of the molar ratio of the mixture, aging
time and spin coating procedure. The films show a pure hexagonal phase, as
assessed by the XRD pattern, and the associated FE-SEM images show a
homogeneous and uniform film over large areas with rounded grains of = 250 nm
and a thickness of about 1 um.

Both materials show good structural and physical properties as host for lanthanide
ions, and luminescent characterization of the new doped [3-NaYFu thin films obtained

through MOCVD route are under course.

3.2.4 Co-doped Yb*/Er** and Yb*/Tm?* B-NaYF. phase thin films

The optimized route, used to produce phase pure hexagonal NaYF. films, has been
conveyed to the fabrication of co-doped Yb*, Er** and Yb*, Tm3 3-NaYF. thin films.
This aim has been easily reached since the nature of the doping ion sources are

similar to the Y one, being the Yb(hfa);ediglyme, Er(hfa)sediglyme and
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Tm(hfa)sediglyme complexes used as sources of the Yb*, Er* or Tm? ions,
respectively. The proper amount of dopants, which are strongly connected to the UC
efficiency of the (3-NaYF. systems [27], have been set up at A:1.6, B:2, Yb:0.4, Tm:0.01
ratio in accordance to literature studies [28]. The co-doped NaYF: thin films, have
the hexagonal phase, as indicated by the XRD pattern reported in fig. 11. The
diffractogram has been recorded using graphite as an internal standard to correctly
position the pattern peaks. This procedure allowed us to confirm that the peaks of
the codoped [3-NaYF: film correspond perfectly to the peak positions of the undoped
-NaYFa phase (ICDD n° 16-0334).

p-NaYF :Yb™ Er’”
p-NaYF,: Yb™ ,Tm”
p-NaYF, ICDD n° 16-0334

o |

Intensity (A.U.)
=

20 30 40 50 60 70
2 0 (degrees)

Fig. 11 XRD patterns of NaYFa:Yb%, Er** and NaYF4Yb%, Tm? films grown on Si (100).

This is in accordance with the similar ionic radii of the Yb%*, Er®* and Tm3* ions of
0.985, 1.004, 0.994 A, respectively compared to the Y* ionic radius value of 1.075 A,
all of them taken from the Shannon’s table for a nine fold coordination [29]. Actually,

Y?, and consequently the Ln* doping ions, are located in nine coordinated sites of
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low symmetry in the 3-NaYFs phase [30]. The stoichiometry of the co-doped film has
been assessed by the energy dispersive X-Ray analysis, whose spectrum (fig. 12)
shows the typical peaks of the Na, Y, and Yb elements. In particular, in addition to
the Na Ka and Y L peaks, the peak due to the Yb Ma is observed at 1.6 keV. The
absence of a peak at 0.520 keV excludes any O contamination.

No peaks of Er or Tm are present in the EDX spectra due to their low amount, at the
limit of the EDX detectability. Quantitative EDX analysis confirms the correct
stoichiometry for the NaYFa: Yb*, Er®* phase with a Na:Y:Yb ratio of 1.1:0.8:0.2 on the

whole surface.
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Fig. 12 EDX spectra of the co-doped NaYF:Yb*, Er** and NaYF4:Yb*, Tm? film grown on Si (100).

The morphologies of the co-doped NaYF: films (fig. 13) are similar to the undoped
one. FE-SEM plan view images of both the NaYF4Yb*, Er®* (fig. 13a) and NaYF4:Yb*,
Tm?* films (fig. 13c) indicate the presence of rounded grains of about 200 nm. The
cross-sections indicate that the films have a very compact structure with a thickness
of about 1um for the NaYF4:Yb%, Er® film (fig. 13b) and of 0.9um for the NaYF.:Yb*,
Tm?* one (fig. 13d).
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Fig. 13 FE-SEM plan views and cross sections of NaYF4:Yb%, Er®* (a,b) and NaYF4+:Yb%*,Tm3* (c,d) films

grown on Si (100).

3.2.5 Upconversion properties and luminescence lifetimes of the co-doped B-

NaYFa: Yb*, Er** and Yb3, Tm?3 films

B-NaYF1:Yb%, Er®** systems

Figure 14a shows the up-conversion spectrum of the NaYFsEr*,Yb* film upon
excitation with a 980nm diode laser. The emission bands in the visible range are
typical of the Er® ion emission. In particular, the bands are assigned as in the
following: the two bands in the green region centered at 525 nm and 550 nm are due
to 2Huz —4his2 and #Ss2 —4Lisi2 electronic transitions, respectively. The band in the red

region, centered at 660 nm, is due to the *Foo—*L152 transition.
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Due to the high percentage of the Yb* ions with respect to the total metal content, the
main mechanism of the up-conversion process is most probably Energy Transfer Up-

conversion (ETU), as found for similar systems [31], as also described in fig. 14b.
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Fig. 14 a) Up-conversion spectrum for the NaYFa: Er, Yb film (Aex=980 nm). Band assignments: (i)
2Huip>4sp2; (i1) 4Ss2>41sp2; (iii) “Foz>41s12; b) diagram of energy level of UC system Yb/Er.

Nonetheless, a more accurate investigation considering more samples with different
lanthanide concentrations would be needed to clearly identify the ETU up-
conversion process. The spectrum is similar to that found for 3-NaYF: samples of
micrometer size doped with Er*, Yb® prepared by solvothermal method [32]. The
ratio of the red (in the 630-680 nm range) and green (in the 510-580 nm range)
integrated emissions for the present sample was found to be 0.845, slightly lower
than the value found by Arppe et al. [33] for nanoparticles of Er*, Yb* doped
hexagonal NaYFi. This behavior could be due to the different nature of the samples
(thin film and powders) and/or to different lanthanide dopant ratios. The

luminescence spectrum is similar to the one obtained for a NaGdFi: Er,Yb thin film
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prepared by electrodeposition [34]. Both curves show a multi-exponential behavior,

and therefore an effective lifetime has been calculated from the equation:

_J@®adt
te [1(t)dt

where I(t) is the emission intensity at time t and the integral is calculated for t>>. It is
worth noting that a similar multiexponential nature of the decay curves has been
already observed for Er*, Yb%* doped NaYF. in hexagonal form, in nanoparticles [35].
The appearance of this behavior can be explained by emissions of Er** ions located in
different environments, which experience different distortions of the lanthanide ion
coordination sphere. In particular, shorter decay times correspond to ions located in
more distorted environments, such as ions located at the surface [36]. On the other
hand, longer lifetimes correspond to lanthanide ions positioned in more symmetric
environments. Therefore, more than two contributions could be involved in the
emission decay curve and we have evaluated the effective lifetimes taking into
account all the emission decays in a unique effective lifetime. The obtained effective
lifetime values are 287+2 us and 219+2 us for the “Foo and (*Hup, 4Ss2) levels,
respectively (fig. 15). The t values appear to be similar to those reported for (-
NaYFa:Er,Yb nanoparticles reported by Arppe et al. [33], in particular when the latter
nanoparticles are encapsulated in SiO: and dispersed in D20 solvent. This behavior
suggests that the non-radiative decay processes for the Er®* ions are not very active,

pointing to a good emission.
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Fig. 15 RT Emission decay curves and effective lifetimes for the Er* ions of the NaYFa:Er,Yb film
(Aex=980 nm). Red curve: emission at 650 nm from the “Fo2 level; green curve: emission at 550 nm from

the thermalized (2Huip, 4Ss22) levels. Effective lifetimes are shown.

B-NaYFa:Yb%, Tm* systems

Under 980 nm laser excitation, the B-NaYFa:Yb*, Tm? films, spin-coated on Si and
quartz, present UC emission in the UV, visible and near infrared (NIR) range. Both
samples show blue luminescence to the naked eye, as the most intense emission
bands are located in the 450-490 nm (fig. 16). As it can be noted from fig. 16, there are
no substantial differences between the UC spectra of the samples deposited on Si or
on quartz, indicating that the local environment of the lanthanide ions is comparable
and that both the substrates are very suitable to grow reproducibly -NaYF. films.
This behaviour is also confirmed by the luminescence decay curves for the Tm® ions
in the B-NaYFs host, shown in fig. 17 for both substrates. All the decay curves show
exponential behaviors and they have been fit with exponential profiles. The obtained
lifetimes for the 'D: and !Gs energy levels (from the decay curves acquired at
emission wavelengths of 450 nm and 473 nm, respectively) are 390+15 us and 570+20
us for the samples deposited on Si (shown in fig. 17a) and 370+20 and 590+10 ps on
quartz (shown in fig. 17b), respectively. The substantial similarity of the emission

decays and corresponding lifetimes for the two energy levels for the different
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samples suggest that in both cases the Tm?* ions experience a similar site
environment. It is interesting to note that the lifetimes of the !G4 and 'D: levels
obtained from our investigation result much longer than the values reported by Li et
al. for hexagonal Yb?**, Tm* co-doped NaYFs microcrystals (142.54us and 87.42us, for
!Gs and Dz levels, respectively) [34]. This different behavior could be explained by
the different Tm* concentration used by Li et al. In fact, in the work of Li et al. the
Tm3* concentration in NaYFs is 3%, while in the present work a 0.5% concentration
has been chosen, to avoid concentration quenching that can shorten the luminescence
lifetime. On the other hand, Arppe et al. reported about Yb*,Tm? co-doped
hexagonal NaYF: nanocrystals, doped with 0.5% Tm?3, and found lifetimes
comparable with the ones reported in this work (593.0 + 10.9 us for the G level) [31].
This behaviour highlights the importance of carefully choosing the Tm? ion

concentration to minimize the quenching of the luminescence.
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Fig. 16 UC emission spectra of single layer (a) NaYFa: Tm(0.5%), Yb(18%) sample grown on silicon and
(b) on quartz. Assignments of the emission bands corresponding to Tm? ion transitions: (i) 'Is—3F4, (ii)

1D>—3Heg; (iii) 'D2—3Fs; (iv) 1Ga—3Hs, (v) ID2—3Hs, (vi) 1Ga—3Fs, (vii) 1Gs—3Hs, (viii) *Ha—3He.

84



1 a) A, =980 nm

590+ 10 pus

Intensity (A. U.)

l\lh i
! *l 'W'l"'
\‘ i

1 370 +20(ps' ||'|f |
LI |\

'n » )
||E | M'iH‘HhI
35

00 05 10 15 20
Time (ms)

Fig. 17 Luminescence decay times for the (a) NaYFs: Tm(0.5%), Yb(18%) sample grown on silicon and
(b) NaYFa: Tm(0.5%), Yb(18%) sample grown on quartz. The 'D2, blue curve) and 'Gu (red curve)

emitting energy levels are
3.3 Ln* doped B-NaGdF: thin films

The sol-gel and spin coating procedure described above and optimized for the f-
NaYFu thin film systems has also been studied for the fabrication of down converting
Eu® 3-NaGdF. system using a mixture of Na(hfa)etetraglyme, Gd(hfa)s®diglyme and
Eu(hfa)sediglyme complex as doping source (Hhfa = 1,1,1,5,5,5-hexafluoro-2,4-
pentanedione; tetraglyme = 2,5,8,11,14-Pentaoxapentadecane; diglyme =2-

Methoxyethyl ether).
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3.3.1 Sol-gel process for the formation of f-NaGdFs:Eu* phase films

The optimized route, used to produce phase pure hexagonal NaYF: films and co-
doped Ln3 3-NaYFa thin films, has been conveyed to the fabrication of Eu* NaGdF
because the nature of the Eu doping ion source is similar to the Yb%, Er**, Tm* ones;
and the nature of the Gd source is similar to the Y one. The proper amount of
precursors has been set up in accordance to the previous studies at the following

molar ratio (ratio i for undoped film and ratio ii for the doped films):

i) 2 Gd (hfa)sediglyme: 2 Na(hfa)®tetraglyme: 87C2HsOH : 3H20 : 0.8CFs:COOH

ii) 1.8 Gd (hfa)sediglyme: 2 Na(hfa)etetraglyme: 0.2 Eu (hfa)sediglyme: 87C.HsOH :
3H:0 : 0.8CFsCOOH

The sol was aged at 60°C for 20h and spin-coated on Si(100) and quartz substrates.
The spin-coating process was carried out at 3000 round per minute (RPM), and speed
rate of 1000 RPM/sec with a multistep procedure in which spin-coating deposition (1
minute) is alternated to fast annealing steps at different temperatures (from 200°C to
450°C) in air for 10 min. After four steps, films were annealed at different
temperatures (from 200°C to 450°C) in air for 1h.

The preliminary results of XRD, EDX and FE-SEM analysis seem to confirm an
excellent reproducibility of the developed process also for the doped hexagonal
NaGdFs phase.

Energy dispersive X-ray (EDX) analysis (fig. 18) established the film composition in
term of dopant ions, which are responsible for the down-converting properties of the
material. The EDX spectra of the doped film shows the typical peaks of the Na, Gd,
and Eu elements and confirms the correct stoichiometry for the NaGdFa: Eu* phase
with a Na:Gd:Eu ratio of 1:0.9:0.1 on the whole surface. The absence of a peak at 0.520

keV excludes any O contamination.
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Fig. 18 EDX spectrum of the NaGdF4+Eu®(10%) film grown on Si (100) at 400°C.

3.3.2 B-NaGdFs: Eu* thin films: analysis of phase stability vs. annealing

temperature

The work on 3-NaGdFs phase involved an accurate study of the annealing treatment
effect in the evolution of thin films composition and morphology.

These set of NaGdFs films has been obtained with the same operating conditions of
molar ratio (i) and the same procedure. The annealing temperature of the
intermediate steps (10 minutes) and final treatment (1 hour) has been varied from
200°C up to 450°C. The XRD patterns recorded for NaGdF. thin films obtained at
different annealing temperature: 200°C, 250°C, 300°C, 350°C, 400°C and 450°C are
reported in fig. 19. The XRD analysis show for NaGdFi_200°C the presence of weak
peaks associated with the cubic phase a-NaGdFs and the peaks associated with the
hexagonal phase for the samples at higher temperatures. Furthermore, upon
increasing the temperature treatment, the intensity of peaks associated with the 3-
NaGdFs increases gradually. No peaks associated with the cubic NaGdF: phase or

other phases are present.
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Fig. 19 XRD patterns of NaGdF4 films grown on Si(100) at different temperatures (from 200°C to
450°C).

FE-SEM plan view images of the NaGdFs show different morphologies at different
annealing temperatures (Tann from 200°C to 450°C in fig. 20). The FE-SEM images
acquired for these samples show differences in morphology: it is observed that the
higher the temperature, the most defined is the structure of the deposit, which
changes from an amorphous-like structure for treatment at 200°C to a nanostructured
and very compact structure for treatments at 400°C and 450 °C with the presence of

rounded grains of about 200 nm.
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Fig. 20 FE-SEM images of NaGdF. films grown on Si (100) at different temperatures (from 200°C to
450°C).

3.4 Ln* doped YOF thin films

In the following work, sol-gel and spin-coating procedure, described for the doped (-
NaYFiand (3-NaGdF: thin films systems, have also been tested for the fabrication of
luminescent co-doped Yb*,Tm* and Yb*Er* YOF systems using a mixture of
Y(hfa)sediglyme, as yttrium precursor and Ln(hfa)sediglyme complexes as the
doping source ( Ln: Yb, Tm, Er; Hhfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedione;
tetraglyme = 2,5,8,11,14-Pentaoxapentadecane; diglyme =2-Methoxyethyl ether).
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3.4.1 Sol- gel process for the formation of YOF thin films

The optimized route, used to produce pure hexagonal phase of co-doped NaGdF;,
has been conveyed to the fabrication of Ln* YOF. The proper amount of precursors
has been set up in accordance to the previous studies and just modified in regard to
the concentration of ethanol/water/ trifluoroacetic acid at the follow molar ratio (ratio

i for undoped films and ratios ii and iii for the doped films):

i) 1Y (hfa)sediglyme: 29 C:HsOH : 1 H20 : 0.01 CFsCOOH

ii) 0,815 Y(hfa)sediglyme: 0,18 Yb(hfa)sediglyme: 0,005 Tm(hfa)sediglyme: 29
C2Hs0H : 1 H20: 0.01 CFsCOOH

iii) 0,81 Y(hfa)sediglyme: 0,18 Yb(hfa)sediglyme: 0,01 Er(hfa)sediglyme: 29 C:HsOH
: 1 H20:0.01 CFsCOOH

In analogy with the previous procedures the sol was aged at 60°C for 20h and spin-
coated on Si(100) and quartz substrates. The spin-coating process was carried out
with a multistep procedure in which spin-coating deposition (1 minute) is alternated
to fast annealing steps at temperatures of 400°C in air for 10 min. After four steps,
films were annealed at 400°C in air for 1h.

Afterward a systematic study has been carried out to optimize the oxyfluoride YOF
pure phase formation with the correct stoichiometry of the doped ions and a uniform
and nanostructured morphology. Structural, morphological and compositional
characterization of the films have been carried out through XRD, FE-SEM and EDX

analysis, respectively, and allow to achieve the final goal.
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3.4.2 Structural, morphological and compositional characterization of Ln* doped

YOF thin films

Structural characterization of films obtained on different substrate and for two
different doping ions combination has been carried out in this study.

The XRD patterns of the samples YOF:18%Yb,1%Er on Si(100) and quartz obtained
through the procedure (iii) show reflections at 206 = 28.25°, 32.50°, 40.75°, 47.05°,
55.55°,58.45° associated with a rhombohedral YOF structure, in accordance with the
ICDD n° 06-0346 (fig. 21). Similar behavior has been observed on the undoped YOF
film and on YOF:18%YDb,0,5%Tm thin films.

1 YOF:18%Yb,1%Er on Si
1 YOF:18%Yb,1%Er on quartz
1 YOF ICDD 06-0347

101

Intensity (A.U.)

30 40 50 60

2 theta (degrees)

Fig. 21 XRD patterns of YOF:18%Yb,1%Er films grown on Si (100) and quartz.

Microstructure and morphology of doped YOF films have been studied by field
emission scanning electron microscopy (FE-SEM).
The FE-SEM image of the films YOF: 18%Yb,0.5%Tm deposited on quartz does not

show a homogeneous surface, and shows some cracking as observed in fig. 22a.
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These effects are likely due to the difference in the thermal expansion coefficients of
the YOF film and that of the quartz substrate. For this reason, the following samples
have been cooled with a slow cooling rate (10 °C min™) from annealing temperature
to room temperature, which yields crack-free and compact films on quartz, as
observed in fig. 22c for YOF:18%Yb,1%Er on quartz.

The FE-SEM image of the Yb, Tm co-doped YOF film deposited on Si (100) and
annealed at 400 °C shows a smooth homogeneous surface throughout the entire
surface (fig. 22b). The Yb, Er co-doped YOF film on Si(100) in fig. 22d shows a
compact deposit with grains of irregular shapes, similar to the morphology observed

for co-doped B_NaYFs and 3_NaGdF. samples previously reported.

Fig. 22 FE-SEM images of the YOF: Yb(18%), Tm(0,5%) deposited on quartz(a) and Si(100) (b) and
of the YOF: Yb(18%), Er(1%) deposited on quartz(c) and Si(100) (d).

The related quantitative EDX analysis confirms the correct stoichiometry in various
zones of the films for the co-doped YOF phase with a Y:Yb ratio of about 1.0:0.18 on

the whole surface (fig. 23).
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In fact, the Y L peak is observed in the 1.8-2.2 range keV. In addition, the windowless

EDX detector allowed to detect the F Ka peak at 0.670 keV, and a peak at 0.520 keV

associated with the O Ka peak, due to the presence of the YOF. It is worthy of noting

the absence of C peak, whose K a peak should appear at 0.525 keV.

The thulium and erbium peaks, relative to the nominal concentration of 0.5% and 1%,

are scarcely detectable, due to their low concentrations that are at the borderline of

the detection limit of the EDX technique.

Element Atomic%
FK 11
@) 13
YL 6.5
Yb L 1.5
b o+ 2 3 4 s 8 1 8
Full Scale 8§58 ctz Cursor: 3411 (28 ct=) ke 0/0 Yb 18°50/0
Element Atomic%
FK 12.8
O 12.1
YL 6.4
Yb L 1.34
1 2 3 4 s & 1 & % Yb 17%
Full Scale 8558 cts Cursor: 3411 (29 cts) ke

Fig. 23 EDX spectra of the YOF:Yb(18%) Tm(0.5%) film (a) and of the YOF:Yb(18%) Tm(0.5%) film (b)

grown on 5i(100).
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3.5 Conclusions

In summary, the novel Na(hfa)etetraglyme compound has been synthesized through
a simple one-pot strategy and it represents a suitable single source precursor of Na
and F elements for the sol-gel deposition of co-doped sodium rare earth fluoride-
containing films. An all-inclusive study of a novel sol-gel process for the fabrication
of the B-NaREFs (RE: Y, Gd) and YOF phase film, paying attention to the effects of
experimental parameters, such as precursors’ molar ratios, aging time, annealing
temperature and spin-coating deposition procedure is described. Through this
approach, the hexagonal NaREF: phase films have been selectively and reproducibly
prepared by a combined sol-gel/spin-coating approach employing the fluorinated {3-
diketonate compounds, which act as sources of all the required ions, namely sodium,
yttrium or gadolinium and fluorine. The optimized procedure has allowed to
produce NaGdF«Eu*, NaYF4Yb*, Er* and NaYFaYb*, Tm* thin films with bright
luminescence and their preliminary luminescent properties have been carefully
reported in this study. In addition, this synthetic approach has been successfully
applied for the fabrication of YOF: Yb*, Er®* and YOF: Yb*, Tm?® thin films.
Compared to other synthetic processes, the sol-gel method is a facile mass
production method for synthesizing 3-NaREF: and YOF in high yield with an
inexpensive equipment, low environment loads and high crystallinity.

The X-ray diffraction (XRD) analysis confirms that the new sol-gel preparation route
yields reproducibly and selectively the hexagonal structure 3-NaREF: and YOF
without any impurity phases. Field-emission scanning electron microscopy (FE SEM)
images indicate that morphology surfaces, grain dimensions and thickness are
strongly related to the processing parameters. Energy dispersive X-ray (EDX)
analyses established the film composition in term of dopant ions, which are
responsible for the energy-converting properties of the materials. Luminescent
measurements under laser excitation at 980 nm confirmed promising up-conversion

properties for the Ln* co-doped (3-NaREF. and YOF films.
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Finally, this synthetic strategy paves the way for the synthesis of other fluoride

phases in thin film forms for up or also down conversion luminescence properties.
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CHAPTER 4

Combined MOCVD/MLD approach for hybrid
metalorganic-inorganic systems of NiO thin films with

a luminescent europium complex monolayer

Transparent NiO thin films, grown through MOCVD approach, have been
successfully functionalized with luminescent europium(Ill) complex [Eu(hfa)sphen]
through a molecular layer deposition (MLD) process. The surface of as-deposited
NiO films were activated using H2O vapour, and then were functionalized in gas
phase by anchoring Eu complexes at different temperatures. The effects of the
activation method and the effective temperature for the MLD process, which
determines the chemisorption of the Eu complex, were evaluated through X-ray
photoelectron and luminescence spectroscopy measurements. These analyses allow
the optimization of the procedure and the study of the hybrid system in terms of
bonding nature and stoichiometry of the chemisorbed Eu complex on the surface.

Luminescence properties of the hybrid system show further information about
coordination sites of Eu(Ill) anchored on the NiO surface and energy conversion

phenomena.
4.1 Introduction

The organic-inorganic hybrid systems have attracted great attention because of their
potential applications in several fields of material science [1] such as sensors [2], dye

sensitized solar cells [3], optoelectronics [4], and heterogeneous catalysis [5].
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In these systems, transition metal oxides thin films, such as NiO, are among the most
promising inorganic materials, due to their wide spectrum of magnetic, electrical,
and optical properties [6-8]. As metalorganic component, Eu(Ill) complexes have
attracted growing interest as efficient downshifter and as a probe to sense the
chemical environment.

Among the different synthetic strategies to prepare hybrid systems, such as sol-gel
procedure [9], Langmuir-Blodgett techniques [10] and self-assembly through solution
route [11] are the most used.

Recently, atomic layer deposition has attracted great interest for the layer-by-layer
growth of thin films [12] and the strictly related molecular layer deposition
represents an emerging technology as synthetic method to create conformal coating
organic molecular layers taking advantage of the self-limiting reactions occurring on
the surface during the MLD process [13].

In the present study we applied for the first time a full vapor phase approach based
on the sequential steps of (i) MOCVD of the inorganic NiO thin films as reported in
ref. [14], and (ii) the molecular layer deposition (MLD) to link on the activated
surface in a covalent way the metalorganic monolayer component Eu(f-diket)sL,
where (-diket is 1,1,1,5,5,5-hexafluoro-2,4-pentanedione (hfa) and L is 1,10-
phenanthroline. The approach is based on the activation step of the synthesized NiO
thin film with a flux of H2O vapour in order to form —OH terminal groups on the
heated surface. Subsequently, anchoring of the Eu(hfa)sphen complex has been
carried out in gas phase through a ligand-exchange reaction between one or two 3-
diketonate ligands and the terminal -OH groups. Finally, a sonication step, in a
solvent in which Eu(hfa)sphen complex is highly soluble, guarantees that only
chemisorbed molecules remain chemically anchored on the NiO surface.

An accurate X-ray photoelectron spectroscopy characterization confirmed the
optimal parameter conditions of the activation step and of the covalent anchoring of
the luminescent europium(Ill) adduct onto nanostructured transparent NiO films.

Optical properties of the hybrid NiO/Eu(Ill) system are evaluated by spectroscopy
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measurement and show that there is a correlation between the Eu coordination

sphere and the luminescence properties of the monolayers.

4.2 Experimental Section

4.2.1 Precursors synthesis

Various Eu(p-diket)sL compounds have been studied for the formation of the Eu
luminescent monolayer such as Eu(tta)sphen (EuCl), Eu(hfa)sdiglyme (EuC2) and
Eu(hfa)sphen (EuC3) (fig. 1). They were prepared from europium(Ill) acetate hydrate
suspended in dichloromethane, following the procedure reported in ref [15]. H-TTA
(H-TTA = a-thenoyltrifluoroacetone; tmeda = N,N,N’,N’-
tetramethylethylenediamine) or H-hfa (H-hfa = 1,1,1,555-Hexafluoro-2,4-
pentanedione) together with phen (phen = 1,10-phenanthroline) or diglyme (diglyme
= 2-Methoxyethyl ether) were added to such a suspension, and the mixture was
maintained under reflux for 1h with constant stirring. Upon ligand addition, the
initially transparent mixture assumed a pale orange color. The crystals were carefully

washed with several portions of pentane and dried under vacuum.

a) b) 0)
[ er [ cr e
Mo ™ ol /%/> N0
H : Eu 0 f
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q I/ CF, / CF,
L 3 L 3 L 3

Fig. 1 a) Eu(tta)sphen (EuC1), b) Eu(hfa)sdiglyme (EuC2) and ¢) Eu(hfa)sphen (EuC3) structures.
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4.2.2 MOCVD/MLD synthetic approach

NiO films were deposited on quartz substrates under reduced pressure in a
horizontal hot-walled MOCVD reactor using the Ni(TTA):tmeda precursor (fig. 2)
[16]. The precursor, contained in a resistively heated alumina boat, was heated at
160°C. Depositions were carried out at a deposition temperature of 400 °C for 60 min.
An Ar flow at 150 standard cubic centimeter per minute (sccm) and an O: flow at 150
sccm were used as carrier and reaction gases, respectively. The total pressure in the
reactor was about 6 Torr. The mass flows were controlled with a 1160 MKS

flowmeter using an MKS 147 electronic control unit.

— CFs - (C:":s}'z
o N—
/ ‘T\Ni/
VRN
5 0 —
W !
(CHz)a

Fig. 2 Ni(tta)2TMEDA structure.

XPS spectra were recorded with a PHI 5600 multi-technique ESCA-Auger
spectrometer with a standard Al-Ka X-ray source. Analyses were carried out with a
photoelectron angle of 45° (relative to the sample surface) with an acceptance angle
of £7°. The XPS binding energy (B.E.) scale was calibrated by centering the C 1s peak
due to hydrocarbon moieties and adventitious carbon at 285.0 eV [17]. The elemental
compositions of the samples were evaluated by estimating the integrated area of each
component corrected for the corresponding Wagner sensitivity factor [18].

The novel synthetic procedure for the preparation of the NiO/Eu complex hybrid
systems takes place inside a hot wall horizontal reactor and it is schematized in fig. 3.

The NiO films have been grown through the MOCVD process at 400°C on
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transparent quartz substrates, starting from the Ni(tta):TMEDA precursor (Fig. 3a)
[14]. After the MOCVD synthesis of the inorganic NiO component, the second step
regards the surface activation. The NiO film is maintained at 300 °C inside the reactor
at the pressure of 300 Torr for 1 hour with a H20/O: flow at 600 ml/min (fig. 3b).

The third step procedure is the anchoring of the Eu complex through molecular layer
deposition (fig. 3c). The activated NiO substrate is heated testing different
temperature T1:200°C; T2:150°C and T5:100°C and maintained at the pressure of 4 Torr
for 1 hour. Among the various Eu complexes tested (fig. 1) for the formation of the
Eu luminescent monolayer, EuC3 complex shows the best properties to be applied in
the MLD process. EuC3 complex is vaporized at 160°C and carried on the NiO
surface through 150ml/min argon flow, where the ligand-exchange reaction between
ligands and surface -OH groups takes place. The chemisorption is guaranteed by an
oversaturation of the Eu complex vapors inside the reactor. Finally, the sonication
treatment of the samples for 5 min in CH2Cl> ensures that the physisorbed Eu
complex is removed together with any impurities and only chemisorbed complexes

remain anchored to the NiO surface (fig. 3d).

P: 300 Torr
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Fig. 3 Scheme of the process: a) MOCVD process; b) NiO surface activation; ¢) MLD functionalization,

d) sonication treatment.
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4.3 Results and Discussion

The structural and morphological characteristics of NiO_asdep films are shown in
fig. 4. FE-SEM images show the formation of a uniform nanostructured NiO film
with grains of about 70-80 nm in size (fig. 4a). The XRD pattern (fig. 4b) of all the
samples obtained through MOCVD procedure, described above (fig. 3a), shows
reflections at 20= 37.25, 43.30, 62.90, 75.40, 79.40°, associated with NiO cubic
structure, in accordance with the ICDD n°® 47-1049.

Thermal stability of the EuC1, EuC2 and EuC3 complexes have been tested through
thermogravimetric measurement (fig. 5). Thermal behavior of EuCl indicates a one-
step decomposition between 195-205 °C with a residue of about 40% in weight and
thus EuCl complex is not compatible with MLD procedure. Both EuC2 and EuC3
show a one-step vaporization in the 180-190°C and 245-255 °C range, respectively,
and a very low residue of about 2% in both cases. Based on TGA data, EuC3 has been
chosen because it shows a wide range of thermal stability up to about 240°C.
Furthermore, it has also the advantage of the presence of a ligand, the 1,10-
phenanthroline, which acts as an antenna useful to enhance the luminescent

properties of the final hybrid system.
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Fig. 4 a) FE-SEM image and b) XRD pattern of NiO_asdep film on quartz substrate.
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Fig. 5 Thermogravimetric Analysis of EuC1- EuC2 — EuC3

4.3.1 Monolayer characterization

XPS analysis carried out on the surface before and after the MLD process, and for all
the different processing parameters have been studied to better understand the
monolayer growth on the surface.

Regarding the NiO surface activation, the XPS spectra of oxygen 1s on the NiO
surface made before and after the activation through H>O vapour are reported in fig.
6 and confirm the formation of -OH terminal groups due to the presence of Ni-OH
and NiOOH signals. After the activation step and the MLD process the XPS spectra
of carbon on the surface confirms the complex anchorage due to the presence of CFs
signal (fig. 7). The effect of the different temperatures used in the MLD process is also
studied to better understand the molecule anchoring on the surface, either due to
chemisorption or physisorption processes, and the nature of the final Eu-complex
layer. To this aim, the film has been subjected to sonication treatment for 5 min in
CH:Cl2 in which the complex is highly soluble. At the end of the sonication

procedure the XPS characterization confirm that the Eu complex is still present on the
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surface (fig. 8b) and the Ni region shows the peak shifted at binding energy of 856 eV
(tig. 8a).

Successively, the effect of different temperatures used in the MLD growth process is
also studied to assess the most suited temperature for chemisorption of the complex
on the surface and to this aim the quantitative analysis on F1s has been carried out at
the different MLD temperatures (fig. 9). Two different components are present: one
is due to F of the CFs group and one is due to F of a fluoride phase. These data
indicate that at the highest tested temperatures (T1:200°C and T2: 150°C) the F
component of fluoride phase increases, suggesting that some decomposition of the

EuC3 occurs giving rise to an undesirable fluoride phase.

NiOOH

..
536 534 532 530 528 526
Binding Energy (Ev)

NIiOOH

H,O

H20 activated

536 534 532 530 528 526
Binding Energy (Ev)

Fig. 6 XPS spectra of oxygen 1s on the NiO surface before and after the surface activation.
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At the lowest temperature, the -CFs component is predominant, indicating that at this
temperature almost no decomposition occurs. The N1s signal for sample at 100°C
and after sonication treatment confirms the presence of phen ligand in the layer (fig.

10). All these data univocally point to chemisorption of the EuC3 on the NiO surface.

300 295 290 285 280 275
B.E. (eV)

Fig. 7 XPS spectra of C 1s on the surface after activation and complex anchorage.

b) Eu 3dg/o

Eu 3d3[2
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Binding Energy (eV)
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Fig. 8 XPS spectra of Ni 2p (a) and Eu 3d (b) of the hybrid system after the sonication procedure.
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Fig. 9 XPS spectra of F 1s at different temperature: T1: 200°C, T2: 150°C, T3: 100°C.

N 1s
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Fig. 10 XPS spectra of N 1s at 100°C after sonication treatment.
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Nevertheless, the stoichiometry of the Eu adduct in the monolayer has still to be

defined and to this aim XPS quantitative analysis are reported in Table 1. The

comparison between the theoretical ratio of Eu:N:F for adducts where Eu (III) has

different coordination spheres (see fig. 11) and the ratio found for samples obtained

at different MLD temperatures point to the formation of Eu(hfa)phen-adduct and

EuFs at the highest T3 temperature. The observed experimental XPS Eu:N:F ratio of

sample obtained at the lower T1 and T2 temperatures points to the presence of

Eu(hfa)phen and Eu(hfa)phen adducts.

Sample Activation MLD Eu:N:F Stoichiom.
Temp Ratio in the
©CO) (XPS) monolayer
Eu(hfa)sephen - - 1:2:18
(theoretical)
Eu(hfa)2ephen --- - 1:2:12
(theoretical)
Eu(hfa)ephen - - 1:2:6
(theoretical)
NiO_att_Eu_T3 H:0 200 1:0.5:7.5 Eu(hfa)phen
+ Eu-F
NiO_att Eu_T2 H0O 150 1:1.8:9.1 Eu(hfa)phen
Eu(hfa)phen
NiO_att_Eu_T1 H0 100 1:1.7:8.6 Eu(hfa)phen
Eu(hfa)phen

Tab. 1 Stoichiometry of the Eu complex in the monolayer vs. the starting adduct.

Eu(hfa),phen

Eu(hfa)phen

Fig. 11 Eu(hfa)phen-adduct and Eu(hfa)phen-adduct schemes.
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4.3.2 Luminescent properties of the monolayer

Finally, luminescence characterization of the MLD grown Eu monolayer has been
carried out for samples obtained at different MLD deposition temperatures (fig. 12).
The emission bands in the visible range are assigned as the scheme of energy level in
fig. 13 and are typical of the Eu® ion emission. In particular, the bands are assigned
as following: the two bands in the green region centered at 580 nm and 590 nm are
due to °Do —7Fo and Do —7F1 electronic transitions, respectively. The bands in the red
region, centered at around 615 nm, are due to the Do —7F: transition.

The ratio of the red (in the 610-630 nm range) and green (in the 590 nm range)
integrated emissions for the present samples was estimated with the evaluation of

the ratio R, defined as:

_1’D,>'F,)
T I°D,~’F)

NiO-Eu(hfa)xphen samples at T2 (fig. 12a) and T3 (fig. 12b) show different intensity
value of these two emissions.

This behavior of the different intensity of the emission bands can be explained by
emissions of Eu® ions located in different environments, which experience different
distortions of the lanthanide ion coordination sphere.

In particular, lower R value of NiO-Eu(hfa)xphen_T3 samples corresponds to Eu®*
ions located at the surface in more symmetry environments. On the contrary, higher
R value of NiO-Eu(hfa)xphen_T2 samples corresponds to Eu®* ions located at the
surface in more distorted environments. These spectra show that the luminescence
properties of this hybrid material are useful to give additional information of the ions

coordination.
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Fig. 12 Luminescent measures of NiO-Eu(hfa)xphen at T2 (a) and T3 (b).
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Fig. 13 Energy level scheme for the Eu®* and main emissions mechanisms upon 275 nm excitation.
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4.4 Conclusion

In the present study, we applied for the first time a full vapor phase approach for the
synthesis of a hybrid metalorganic/inorganic system based on the sequential steps of:
(i) MOCVD of the inorganic NiO thin films;

(ii) activation of the surface of transparent NiO as-deposited layers using H:0
vapour;

(iii) MLD at different temperatures to link on the activated surface in a covalent way
an Eu(B-diket)3L complex, where -diket is a B-diketone and L is a Lewis base.
Various Eu complexes have been tested through thermogravimetric measurement to
assess their suitability for the MLD process. EuC3 has been chosen because it shows a
very wide range of thermal stability up to about 240 °C and has the advantage of the
ligand antenna 1,10-phenanthroline useful to enhance the luminescent properties of
the hybrid system.

The effects of the activation process and the best temperature for the MLD route
yielding the chemisorption of Eu complex were evaluated through XPS
measurements. An accurate X-ray photoelectron characterization confirmed that the
best temperature for the EuC3 chemisorption on the NiO surface is 100°C.
Furthermore, the XPS analysis allows the study of the hybrid system in term of the
stoichiometry of the Eu adduct on the surface.

Spectroscopy emission measurements in the visible range for the hybrid NiO/Eu(II)
system show a correlation between the Eu(Ill) coordination sphere and the

luminescence and energy conversion phenomena of the monolayers.
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CHAPTER 5

Synthesis of inorganic perovskite CsPbBrs: study of

phase stability

The aim of the present study is the development of new active materials to improve
the photovoltaic technologies. In the present study, it has been reported the
successful fabrication of the all-inorganic halide perovskite CsPbBrs using the (-
diketonate complexes [Pb(hfa).diglyme]. and Cs(hfa) (Hhfa = 1,1,1,5,5,5-hexafluoro-
2,4-pentanedione; diglyme = 2-Methoxyethyl ether) through a precipitation method
in ethanol and water solution with Br: as precipitating agent. The entire synthetic
process has been operated in ambient environment without humidity control. The
control of temperature and aging time for the formation of the pure CsPbBrs crystals
have been deeply investigated.

Structural, morphological and compositional characterizations of the final product
show the formation of microcrystals, with a very small distribution in grain size, of

the pure perovskite CsPbBrs phase.
5.1 Introduction

The compounds belonging to the family of perovskites ABXs show a variety of
mechanical, electrical, magnetic and optical properties [1,2], and for these reasons are
nowadays key materials for many technologies [3]. In the last years, inorganic halide
perovskite and organic-inorganic halide perovskite materials have been studied

intensively for photovoltaic applications. Perovskite solar cells (PSCs) are considered
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the most promising candidate for the next generation solar cell technology with the
advantages of low-cost, low-temperature processing, flexible substrates, and large-
area fabrication processes [4-5]. Although many perovskites are already known
experimentally, considering the vast number of possible combinations of three
chemical elements in the structure ABXs the family of perovskites could be
considerably larger and possibly interesting systems are still awaiting our discovery.
The hybrid lead-based materials have excellent properties, anyway, the presence of
lead causes problems due to its toxicity, and the organic component tends to partially
decompose when exposed to air, water, light and heat [6]. The main route to improve
the stability of PSCs is to replace the organic component. In this field, there was a
growing development of all-inorganic PSCs. The all-inorganic PSCs do not have any
labile or expensive components and the entire fabrication process can be operated in
ambient atmosphere without humidity control. In particular, the cesium-based all-
inorganic materials such as CsPbBrs show high stability and potentially achieve the
creation of highly efficient and stable perovskite solar cells, also considering that no
degradation product with lead are reported in literature [7].

In the present study, typical $-diketonate metalorganic compound, used for sol-gel
and MOCVD approaches, has been used to obtain the pure phase CsPbBrs product
by precipitation synthesis. Solution methods are simple and well established wet
chemistry precipitation processes in which solutions of the different metal ions are
mixed under controlled temperature and environment to form insoluble precipitates.
The process consists in the preparation, adding a precipitating agent, of an insoluble
solid product starting from soluble reagents in the reaction solvent. The choice of the
agent depends on the nature of the desired reagents and products. In this case, the
precipitating agent Brz acts as a real reagent, causing the formation of the insoluble
product CsPbBrs. The main steps of this process are: nucleation, crystalline growth
and aggregation of the product. The final product is influenced by operative
parameters such as temperature, molar ratio, nature of reagents and solvent and the

stirring.
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5.2 Experimental section

The Cs(hfa) and [Pb(hfa).#diglyme]. complexes have been prepared according to the
procedure previously reported in ref. [8-9] and characterized by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) to test purity and
thermal stability. The precipitation reaction occurred in water/ethanol solution of
Cs(hfa), [Pb(hfa):ediglyme]., liquid Br: was used as precipitating agent and
trifluoroacetic acid (CFsCOOH) was used as catalyst. Solutions using different molar
ratio of precursors, solvent and catalyst were tested. The mixture was aged at 60°C in
a time range from Oh to 20h under stirring. The product was collected by filtration
and was washed several times in ethanol. The crystals have been also annealed in a
multistep process at 70°C for 20 min in air. The procedure has been repeated every 20
min to reach 40 min, 60 min, 80 min and 100min of annealing treatment. The crystals
were deposited on Si (100) by drop-casting and analyzed by XRD in glancing
incidence mode (0.5°) using a Bruker D5005 diffractometer and Smartlab Rigaku
diffractometer (rotating anode of Cu Ka radiation operating at 45 kV and 200 mA).
The morphology was analyzed by FE-SEM using a ZEISS SUPRA 55 VP field
emission microscope. The atomic composition of the sample was performed by
energy dispersive X-Ray (EDX) analysis. The EDX spectra were recorded using an
INCA-Oxford windowless detector, having a resolution of 127 eV as the full width

half maximum (FWHM) of the Mn Ka.

5.3 Results and discussion

Present data show that the phase of the final product is strictly dependent upon
reaction time and thermal treatment. In addition, in a preliminary study, the molar
ratios of the mixture and the choice of the precursors have been tested to be
important parameters. The first procedure routes applied to obtain the CsPbBrs phase

is the following:
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0.5 [Pb(hfa)2ediglyme]2 : 1 Cs(hfa) :1.5Br2: 87 C2HsOH : 3 H20 : 0.8 CFsCOOH

The temperature has been set at 60°C under stirring, the metal precursors has been
solubilized and subsequently liquid Br: added as precipitating agent. The insoluble
pale yellow precipitates has been suspended in the stock solution and collected after
different aging time intervals t: Oh, 5h, 10h, 15h and 20h, washed in ethanol and
deposited on Si(100) substrates for the characterizations.

The XRD patterns recorded for CsPbxBry crystals obtained at different aging time: Oh,
5h, 10h, 15h and 20h are reported in fig. 1. The XRD analysis shows for the sample
t:0h the presence of very weak peaks associated with the CsPb:Brs phase, while the
main component is the CsPbBrs phase. For the sample at longer aging time t: 5h and
10h the intensity of peaks associated with the CsPb2Brs phase increases gradually.
Finally, upon increasing the time at 10h, 15h and 20h, the intensity of peaks
associated with the CsPb2Brs are predominant. No peaks associated with fluoride or
oxide phases are present.

The related FE-SEM images for the samples obtained at t= Oh and t= 5h (fig. 2a,b)
show a homogeneous morphology with squared grains of about 1-2 pum. Images
obtained for longer aging time up to 20h (fig. 2c, d, e) show grains partially
coalescent with irregular shapes and smaller dimensions ranging from 600 nm to
about 1um. This behavior cold be explained considering that longer aging time lead
to smaller and irregular crystals due to stirring and uncontrolled coalescence.

The energy dispersive X-Ray (EDX) analyses within the grains indicate the difference
in composition of the samples, in which the crystals obtained at t= Oh present the
Cs:Pb:Br ratio of about 1:0.9:3.1 correlated to the presence of the CsPbBrs phase (fig.
3a), while the crystals obtained at t= 5h present a ratio of about 1:2.2:4.6 due to the
presence of the CsPb:Brs phase (fig. 3b). These data are in accordance with the XRD

data and point out the stability of the CsPbBrs perovskite phase at t= Oh.
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Fig. 1 XRD patterns of CsPbBrs/CsPb2Brs crystals obtained at aging time t: Oh, 5h, 10h, 15h and 20h.

Fig.2 FE-SEM images of CsPbBrs/CsPb2Brs crystals obtained at aging time t: Oh (a), 5h (b), 10h (c), 15h
(d) and 20h (e).
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Fig. 3 EDX spectra of CsPbBrs/CsPb2Brs crystals obtained at aging time t: Oh (a), and 5h (b).

To better understand the stability of CsPbBrs versus CsPb2Brs phase a second set of
samples has been prepared by following the same molar concentration and
experimental procedure previously reported and collecting the crystals at different
aging time t:0h, 0.5h, 1h, 3h, 5h. The XRD patterns recorded for these samples are
reported in fig. 4. The patterns confirm again that the perovskite CsPbBrs phase
seems to be present only at the beginning of the precipitation process (t=0h), and then
it gradually changes in the CsPb2Brs phase already after 30 minutes of aging. The
SEM images recorded for these samples show a morphology quite similar to the

crystals reported in fig. 2a and 2b.
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Fig. 4 XRD patterns of CsPbBrs/CsPb2Brs crystals obtained at aging time t: Oh, 0.5h, 1h, 3h and 5h.

Finally, in order to understand the stability of CsPbBrs versus CsPb:Brs phase in
relation to temperature, it has been prepared a new set of samples in which the
synthesis has been carried out at room temperature and crystals collected at time Oh.
Then, the crystals have been annealed at 70°C for 20 minutes in air and this
procedure has been repeated every 20 min to reach 40 min, 60 min, 80 min and
100min of annealing treatment. This test allows to study the stability of the material
under conditions that simulate those sustained by typical photovoltaic panels under
solar irradiation. The different XRD patterns recorded at sequential annealing
treatments (fig. 5) show a new correlation between perovskite phase stability and

temperature.
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The first XRD pattern obtained at time Oh is associated with the CsPbBrs phase with
traces of CsPb2Brs. At longer annealing time processes tannealing: 20min, 40min and
60min the peaks associated with the CsPb2Brs phase increase gradually, while at
annealing times tanncaling Of 80min, 100min a prevalence of the CsPbBrs phase occurs.
By comparing these data with those obtained from the previous syntheses, it can be
hypothesized that while the permanence of the product within the reaction mixture
seems to stabilize the CsPb:Brs phase compared to the CsPbBrs, the annealing
treatment processes do not promote this exchange, and tend to stabilize the CsPbBrs

phase.
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Fig. 5 XRD patterns of CsPbBrs/CsPb2Brs crystals obtained at aging time t: Oh, annealing temperature

70°C for: 20 min, 40 min, 60min, 80min, 100min.
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5.4 Conclusion

In summary, the aim of the present work is the development of a novel and simple
precipitation method for the fabrication of perovskite CsPbBrs phase using the metal
B-diketonate complexes [Pb(hfa).diglyme]. and Cs(hfa) and Br: as precipitating agent
in ethanol and water solution. The precipitation process takes place very rapidly
after the addition of bromine in the reagents solution, and does not require high
temperatures and humidity control. The product has been washed with ethanol
before being collected and characterized. The work on CsPbBrs phase involved an
accurate study of the effect of process parameters such as aging time and annealing
treatment on the evolution of material composition and morphology.

The CsPbBrs- CsPb:Brs crystals have been deeply investigated through XRD, FE-SEM
and EDX measurements. Upon increasing the aging time, the intensity of peaks
associated with the CsPb:Brs increases gradually. The set of CsPbBrs- CsPb2Brs
crystals obtained with the same operating conditions at room temperature and with
annealing treatment at 70°C for different time shows the stability of the perovskite
phase under these operative parameters. Quantitative EDX analysis confirms the
correct stoichiometry for the two different phases.

Finally, the FE-SEM images indicate that morphology, grain dimensions and shapes
are strongly related to the processing parameters: with squared grains of about 1-
2um at time Oh and grains with irregular shapes and smaller dimensions (600 nm-

1um) at longer aging time.
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Conclusion

The aim of the present PhD thesis has been the synthesis of novel materials for
photovoltaic applications. As reported in the overview of chapter 1, the attention has
been devoted to some hot topics in the field of photovoltaic technologies. In
particular, the study has been focused on three different kind of materials: i)
lanthanide doped fluorides films for energy conversion application in Si solar cell; ii)
hybrid metalorganic/inorganic systems Eu-complex/NiO for the DSSC technology;
iii) the all-inorganic halide perovskite CsPbBrs as a semiconductor active material in
the PSCs technology.

Different synthetic strategies have been tested and optimized, namely MOCVD, sol-

gel and MLD, depending on the kind of materials to synthesize.

i) Lanthanide doped fluoride phases have been synthesized through MOCVD and
sol-gel approaches.

A simple MOCVD process has been applied to the fabrication of single component
fluoride thin films Yb*/Er* and Yb*/Tm?* doped CaF:, and multicomponent fluoride
thin films NaYFs and KYFa.

The Yb*/Er* and Yb*/Tm? doped CaF: films have been synthetized using the
M(hfa).ediglyme complexes, which act as single-source precursors. A
comprehensive characterization of the films shows the formation of pure and
polycrystalline thin films with a very uniform surface, depending on the choice of the
substrate and a suitable doping ions combination. The Ln3 doped CaF: films show
promising up-conversion properties in the visible and near infrared regions upon
laser excitation for the different doping mixtures.

The (-NaYFs thin films have been synthetized using a Na-Y precursor

Na[Y(hfa):]'[Naetetraglyme]. An accurate selection of the operative parameters has
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allowed the optimization of the process to stabilize selectively and reproducibly
either the cubic or the hexagonal phase. The study has proven that both deposition
temperature and substrate position in the reactor play a crucial role in stabilizing the
NaYF. phase.

MOCVD method has been successfully applied for the fabrication of KYF.
nanostructured thin films as well. For this purpose, the novel fluorinated “third-
generation” bimetallic precursor KY(hfa):®tetraglyme has been for the first time
synthesized through a one-step reaction with a high yield and the experimental
results confirm a good thermal behavior for the MOCVD application. An accurate
optimization of the deposition parameters, such as the deposition temperature and
the vaporization temperature of the precursors, has been conducted and allows
reproducibly and selectively the synthesis of pure KYFs thin films.

The field-emission scanning electron microscopy images of the single and
multicomponent fluoride thin films indicate that morphology surfaces, grain
dimensions and thickness are strongly related to the processing parameters.

A further comment deserves the MOCVD approach presently applied, that is very
challenging also in view of its easy scalability, which makes it very attractive for
industrial scaling up.

A novel sol-gel process has been developed for the fabrication of the lanthanide
doped (3-NaREF: (RE: Y, Gd) and YOF thin films, paying attention to the effects of
experimental parameters, such as precursors’ molar ratios, aging time, annealing
temperature and spin-coating deposition procedure is described. Through this
approach, the hexagonal NaREF phase films have been selectively and reproducibly
prepared using combined sol-gel/spin-coating approach employing the fluorinated
B-diketonate compounds, previously applied in the MOCVD approach. In addition, a
novel Na(hfa)etetraglyme compound has been synthesized through a one-pot
strategy and together with Y(hfa)sediglyme act as sources of all the required ions,
namely sodium, yttrium and fluorine. Structural, morphological, and compositional

characterization of the films shows the formation of pure phases and polycrystalline
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thin films with a very uniform surface and suitable doping. Luminescent
measurements under laser excitation at 980 nm confirmed promising up-conversion
properties for the Ln* co-doped (3-NaYFu films.

It is worth to mention that, the sol-gel method combined with a spraying depositing
approach may represent a facile mass production method for synthesizing 3-NaYFa
in high yield with an inexpensive equipment, low environment loads and high
crystallinity. Finally, this synthetic strategy paves the way for the synthesis of other

fluoride phases in thin film forms for up- or also downconversion luminescence.

ii) Concerning the hybrid metalorganic/inorganic systems for the first time a full
vapor phase approach has been applied involving MOCVD for the deposition of
inorganic NiO thin films and MLD for the chemisorption of the Eu(hfa)s®phen
complex. The effects of the NiO surface activation process, needed to generate -OH
groups, and of the temperatures used for the MLD step of the Eu complex
chemisorption were evaluated through X-ray photoelectron spectroscopy
measurements. XPS characterization established for MLD procedure the optimal
parameter conditions of the activation step and of the covalent anchoring process.
Furthermore, XPS analysis allowed to investigate the nature of the hybrid system in
term of stoichiometry of the Eu adduct on the surface. The spectroscopy emission
measurements, also due to the ligand antenna effect of 1,10-phenanthroline, show the
relationship between the Eu(Ill)coordination sphere and the luminescence
phenomena of the monolayer.

This study represents the first report of MLD of a metalorganic complex on inorganic

substrate.

iii) A novel and simple precipitation method for the fabrication of perovskite CsPbBrs
phase using [Pb(hfa):diglyme]. and Cs(hfa) complexes and Br: as precipitating agent
has been carried out. The precipitation process takes place very rapidly, does not

require high temperatures and humidity control. The effect of aging time, annealing
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treatment and stoichiometry of the reagents on the evolution of material composition
has been deeply investigated through XRD, FE-SEM and EDX measurements. XRD
measurements show the stabilization of two phases, CsPbBrs and CsPb2Brs, in
relation with the reaction temperature and the annealing treatment. This
investigation has allowed to test the material under conditions similar to those
experienced by typical photovoltaic panels when exposed to solar irradiation.
Different kind of crystals have been obtained and FE-SEM images indicate that
morphology, grain dimensions and shapes are strongly related to the processing

parameters.
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