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Abstract

Bismuth-based luminescent materials have been recognized as promising candidates for
the design of next-generation phosphors, in virtue of the peculiar emission activity
exhibited by Bi ions and the optical characteristics of Bi based hosts, together with
technologically appealing properties like low toxicity and low costs. In this view, this
thesis is focused on the synthesis and the characterization of novel bismuth-based oxide
materials, proposing new strategies of control of the light emission through careful dopant
selection and host band structure tailor. Therefore, the main research activity has been
devoted on the optical characterization and, in particular, on the determination and
modeling of the luminescence mechanisms characterizing the studied systems. With the
aim to reliably describe the optical processes involved, a combined experimental and
theoretical approach was considered. Moreover, in order to increase the efficiency and
the manipulation of the emission response, the research has also focused on the
optimization of the synthesis procedures and subsequent material processing for suitable
structural modification.

One topic of this work concerns the possibility to use bismuth oxide-based nanoparticles
(NPs) as upconverting photoluminescence (UC PL) nanophosphors, going deep inside
the key parameters for the optimization of PL output control. We have investigated two
families of NPs: (i) Bi2O3 NPs and (ii) bismuth silicate NPs. Regarding Bi2O3 UCNPs
nanophospors, we have analyzed the Y doping effect on the crystalline and band
structures of the material, evidencing the possibility to finely control the bandgap of the
oxide host in a wide range of energies. This bandgap engineering has been demonstrated
to effectively affect the overall UC emission output of Er** ions, then determining a novel
strategy for a careful tuning of the UC PL chromaticity. In addition, by Bi2O3 NPs
codoping with Yb**-Ln** (Ln**=Er*", Ho>", Tm**) ions, together with a remarkable UC
PL quantum yield estimates, a similar bandgap controlled emission selectivity was
observed, and in the case of Yb-Tm pair this results in a NIR single band emission
spectrum. Concerning bismuth silicates as host for UCNPs, we have proposed a new
synthetic procedure based on wet impregnation of mesoporous silica nanoparticles
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(MSN ), that allows the formation of a core-shell system, where the outer region consists
in a glassy shell of dense silica and the core is built upon the stabilization of the metastable
Bi2S10s phase. To figure out the formation process, the effect of both the bismuth loading
into the MSNs and of the temperature were investigated, showing a concentration driven
self-assembly mechanism. It was also demonstrated that the UC emission of the
lanthanide-doped Bi2Si0s5@SiO2 systems can be tuned over the whole CIE diagram by
carefully choosing the suitable doping ions and the relative concentrations.

Another theme addressed by this thesis consists in the development of a new ratiometric
luminescent thermal sensor. The distortion of the Cr’* site induced by the crystal field in
Bi2GasOy (with stereochemically active Bi*" lone pairs of electrons), has allowed to
design a novel single-doped dual-NIR emitting thermometer with promising properties
for applications in the biological field. To the best of our knowledge, this is the first
example of Cr single-doped material used as thermal sensor.

Although in the past an intense research activity aimed to investigate the bismuth ions
properties has been developed, nowadays many intriguing aspects are still unclear and
under debate. Therefore, part of the research activity has been focused on the definition
of guidelines for the design of new bismuth-activated phosphors. In particular, we have
determined the critical parameters explaining the PL trend for the bismuth-doped
perovskite-type CaBOs; hosts (B=Ti,Sn,Zr). Regarding Bi-doped CaSnOs3, the
simultaneous stabilization of Bi*" and Bi** ions was achieved and the persistent
luminescence (PersL) properties of the system were addressed, suggesting a PersL
mechanism by means of the VRBE diagram construction.

Furthermore, it is well known that the performance of a luminescent species can be
improved through an energy transfer process triggered by a suitable sensitizing agent,
resulting in both enhanced absorption window and excitation cross section. In this regard,
anew, simple and effective model for the estimation of the critical distance between donor
and acceptor pairs in crystals was also proposed and checked for the Y203:Bi,Er system.
An efficient energy transfer process between Bi** and Er** ions in Y203 nanocrystals was
discussed and the spread of the Er’* absorption window due to the Bi** ion in C: site was
demonstrated.

Finally, due to the peculiar luminescent properties exhibited by the investigated materials,
it is worth pointing out that interesting potentialities for applications like (nano)phosphors
in the photonics field, biolabels, thermal sensors and anti-counterfeiting agents are
expected.
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CHAPTER 1

General Introduction

Abstract This thesis deals with the optical properties of novel bismuth-based luminescent
materials for advanced photonic applications. The main aim is the investigation of the
luminescence properties of bismuth-based materials in which bismuth can act as a
constituent of the host or a luminescent center, developing new (nano)systems for
emerging applications such as biological imaging and optical thermal sensing. In this
context, we focused, from one hand, on the synthesis and the optimization of the optical
systems and, on the other hand, on the deep chemical-physical characterization. An
overall understanding of the optical properties is achieved by combining an experimental
and theoretical approach, modelling the luminescent processes and designing the energy
level diagrams of the systems.

1.1 New Frontiers for Inorganic Luminescent Materials

Nowadays light emitting materials have a big impact in our daily life, promoting an ongoing
search for luminescent materials with new and ever more efficient optical properties. The
development of new models for the prediction of the optical properties is a key point for the design
of efficient materials. At the same time, new synthetic approaches are of fundamental importance
for the discovery of new luminescent materials, with increasing attention to the development of
low-toxicity materials.

Over the last two decades, aimed by the increasing ability in manipulate materials at the nanoscale,

the development of luminescent nanomaterials has become an active research area. Luminescent

nanomaterials can have advantages over bulk materials (e.g. tunability and possibility to form
1



transparent dispersions) opening the way for the application of inorganic luminescent materials in
new fields such as biological imaging'® and theranostic nanomedicine’* but also anti-
counterfeiting'* and optical thermal sensing at the nanoscale.®’

By designing luminescent phosphors for uses as optical probes in biological environments, a
fundamental aspect to take into account for a deep-tissue penetration is the match of absorption
and emission of the probes with the biological optical transparency window (650-1800 nm). This
region (Figure 1.1) accounts for the absorption and scattering due to the different skin layers and
can be divided into the three distinctive regions: the so-called first biological window (NIR-I)
ranging from 650 to 950 nm, the second biological window (NIR-II) from 1000 to 1350 nm and
the third biological window covering the 1550-1800 nm range (NIR-III).* "
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Figure 1.1 Effective attenuation coefficient (log scale) in the two first optical window in biological tissue
and fluids (oxygenated and deoxygenated blood, skin and fatty tissue). From ref. 11.

Among the great variety of systems proposed for bio-imaging (e.g. QDs, polymers,
nanodiamonds, dyes), rare-earth doped upconverting nanoparticles (UCNPs) have emerged as a
new class of luminescent probes because of their ability to convert low-energy photons (usually
NIR) into higher-energy photons via anti-Stokes process''>!? (see Section 2.5.2). Based on
UCNPs, multiphoton excited fluorescence microscopy allows deep tissue bioimaging minimizing
background autofluorescence'* without the need of intense coherent excitation sources. In fact, in
contrast with conventional two-photon absorption processes that require excitation of 10*-10°
Wcem? as for quantum dots (QDs) and organic dyes, upconverting bioprobes are effectively
excited by NIR diode lasers at 1 Wem™.? Moreover, this class of nanoparticles has the advantage
to allow multicolour emission tunability in a wide spectral range (Figure 1.2a), because of the
characteristic emissions determined by the ladder-like energy level of each lanthanide ion and a
relatively low cytotoxicity.

The big impact of this class of biolabels, has led to a massive effort aiming at optimizing the
parameters to enhance the optical response, in virtue of a proper selection of both suitable
(crystalline) host and luminescent ions with optical activity (absorption and emission) into the
biological windows. For instance, Figure 1.2 shows the UC PL image of a mouse injected with
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Chapter 1 - General Introduction

UC nanoparticles and a sketch of the NIR-to-NIR UC process for a-(NaYbF4:0.5% Tm**)/CaF
core/shell nanosystem.'> Moreover, the design of UC nanoparticles with selective NIR emission
is highly demanding for multiplexing'®'” (simultaneous detection of multiple targets with
different probes).

975 nm Ex 4

Figurel.2 Sketch of the potentialities of NIR-to-NIR UC nanoparticles for in vivo UC imaging of (a-
NaYF*Tm?")/CaF; core/shell NPs (from ref. 15).

In order to reduce energy losses via multiphonon relaxation and to maximize radiative emission,
low phonon energy lattice hosts are usually chosen,'® thus fluoride-based hosts'*?* (i.e. NaYFa,
NaGdF4, LaFs, CaFa, SrF2) have been the most investigated hosts for upconverting nanoparticles.
Furthermore, a critical role in the optical properties and efficiency of the upconverting processes
is demonstrated to be played by the crystal field.”*’ Recently, Wisser et al.”® demonstrated the
strong influence of the local symmetry distortion on the efficiency of the processes (Figure 1.3),
increasing by a factor 1.6 the UC quantum yield of the unmodified B-NaYF4 system by tailoring
the structure with simultaneous Gd and Lu cooping (B-NaY.8-2:GdxLuxF4:Ybo.1sEro.02 system). In
addition to fluorides, oxide hosts such as Y203 **** and Gd20:S *'** are also considered promising
materials.
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Figure 1.3 Enhancement effect of Gd and Lu codoping on B-NaYF4:Yb,Er UC emission (from ref. 28).



The increasing knowledge on the key parameters and the design of new nanostructures (such as
core-shell architectures) has led to very attractive results. However, the main drawback is that UC
nanocrystals-based imaging in aqueous solutions still suffers from the significant cell death and
tissue damage induced by the 980 nm excitation source. Hence, the solution of this problem is
still a challenge. To overcome such a problem many strategies were proposed, by considering
other excitation wavelengths within the biological windows (e.g. 800 nm) or trying to improve
the efficiency engineering the electromagnetic environment experienced by upconverting
materials using antenna dyes,”’ quantum dots* or plasmonic structures.’> However, with the aim
to develop an ideal upconverting system based on a single UC nanocrystal without the need of
other complex structures, the research of novel high-performances upconverting nanocrystals is
highly desirable and challenging.

In addition to biological applications, as summarized by Figure 1.4 (from ref. 1 and references
therein), the progresses in upconverting nanocrystals preparation, have led to their use in a wide
variety of different applications such as RGB printing, security systems, barcoding and 3D
displays.

NaYF,:Yb,Er
Tum

BaYF.Yb,Er-
doped waveguide

4um
—

Single-particle luminescence Optical storage Lasing and waveguiding Latent fingerprinting RGB printing

Security SPECT imaging Self-assembling Barcoding Volumetric 3D display

Figure 1.4 Summary of some of the relevant applications for multifunctional upconverting nanoparticles.
From ref. 1.

In 2007, Chermont et al.*® demonstrated the possibility to use persistent luminescent nanocrystals
(PersLNCs) as effective probes for in vivo imaging, introducing a new concept for biological
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Chapter 1 - General Introduction

imaging. Persistent luminescent (PersL) materials are characterized by the ability to store the
excitation energy by means of electron(hole) traps and to release the carrier (electrons or holes)
for long time, producing the long-lasting luminescent emission (see Section 2.6). As schematically
reported in Figure 1.5, this new strategy allows to completely overcome the limitations coming
from the excitation sources during the analysis needed for the other common luminescent systems,
becoming one of the most attractive bioprobes class of the next generation. In fact, the
nanoparticle suspension can be charged and successively injected into the mouse to monitor the
glow emission.
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Figure 1.5 Concept scheme of the use of PersL nanoparticles in biological imaging (from ref. 3).
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Also in this case, NIR emission is necessary and most recent advances in the development of PerLL
materials for bioimaging are based on transition metal ions®’ (in particular Cr*"). It has been
demonstrated that PersL nanocrystals present a much less intensive signal compare to QDs, but
the signal-to-noise ratio can be much higher than for QDs.’ As schematically reported in Figure
1.6, the key for the design of effective PersL materials with long afterglow, is the control of
suitable “trap depth” between electron trap and the bottom of the conduction band of the material.
To date, PersLNCs emission can be detected, after the injection, for very short time respect to the
persistent behaviour of the bulk material. However, a careful design allows the excitation of the
PersLNCs also after injection to recharged the material by visible LED or photostimulation (see
right side of Figure 1.5). Maldiney et al. ** reported that ZnGa204:Cr** nanocrystals functionalized
with polyethylene glycol chains, could image colon cancer cells (CT26) subcutaneously
implanted into Balb/c mice, 4 h after NP injection and Chuang et al. ** showed the possibility to
detect the emission signal of LiGasOs:Cr** nanocrystals also after 10 days by means of
photostimulation with white-LED light.
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Figure 1.6 Energy level diagram of Mn*"-doped CaMgSi,Os with (right side) and without (left side)
suitable electron trap (from ref. 40).

Even if these materials are very promising for biological purposes, to date, only few example of
suitable PersL nanoparticles are reported.’®**** This kind of materials are very sensible to the
preparation method, being based on precise trap depth distributions. Therefore, synthetic
procedure able to produce highly pure and crystalline PersLNCs, where anhanced optical
performance at the nanoscale can be achieved also in virtue of a full control on the presence of
detrimental defects, is highly demanding. In addition, the design of novel NIR emitting PersL
materials is a hot topic.

It is also worth mentioning that the development of luminescent inorganic bioprobes, gave the
opportunity to take advantage of some specific energy level configurations of the activators of the
used phosphors to monitor the temperature in biological environments by means of luminescence
output.®’***8 This new possibility drives the scientific community to the development of new
systems able to discriminate also very small temperature fluctuations. Outstanding preliminary
results were achieved in mapping the intracellular temperature not only with green fluorescent
protein,” fluorescent polymers® or nanodiamonds,”’*> but also with lanthanide-doped
nanocrystals.’** Recently, this possibility introduced a new active research area focused on the
development of high performing inorganic luminescent thermometers.

It was demonstrated that, the more effective configuration for reliable measurements of the
temperature is based on dual emitting systems (internally referred rational scheme).*® In particular,
single-doped systems ensure the reliability also by changing the environment because of the
population distribution ratio ensured by the Boltzmann law.*® In 2015, Balabhadra et al.>® reported
a Nd**-single-doped based luminescent thermometer (Gd203:Nd** system) with high relative
sensitivity. Figure 1.7 shows the experimental analysis reported by Carrasco et al.>> for Nd**-
doped LaF3 nanocrystals, evidencing the interesting possibility to follow the infrared fluorescence
and to simultaneously use it as thermal sensor for the tumor.
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Figure 1.7 (i) NIR PL emission spectrum of LaF3:Nd system with schematic indication of the spectral
range (IR1 and IR2) used for ratiometric thermal sensing. (ii) Temperature dependence of the intensity
ratio IR1/IR2. (iii) Optical image of a mouse with two tumors (a) and infrared fluorescence and thermal
images (b,c) under 808 nm laser irradiation (4 Wem™). From ref. 55).

In this view, it is straightforward to understand that the ever increasing performance requirements
for applications involving luminescent systems claims for novel phosphors with high efficiency
and low cost. In this thesis we investigate bismuth-based luminescent materials as promising
systems for different optical applications. In particular, we have focused, from one hand, on the
role of bismuth oxide-based compounds on the luminescent properties of lanthanides and Cr**
ions, and, on the other hand, on the behaviour of bismuth ions (Bi** and Bi**) as luminescent
centres in specific compounds (as donor or sensitizer).

3761 and low cost, becoming very

Bismuth-based materials are characterized by low toxicity
promising for the development of next generation phosphors. In addition, with the idea to develop
high efficient luminescent materials it must be pointed out that Bi*" is characterized by allowed

transitions, differently from the typical f-f forbidden ones occurring in lanthanide ions.

The remarkable non-toxicity of bismuth compounds® is primarily due to their insolubility in
neutral aqueous solutions such as biological fluids and, as can be seen from the comparison of
LDso values reported in Table 1.1, most of these are even less toxic than sodium chloride.



Table 1.1 Comparison of LDs values for bismuth compounds and comparable salts (from ref. 59).

Compound LDso (g/Kg) Species and Route
Sodium Chloride, NaCl 3.8 Rat, Oral
Bismuth Oxide, Bi,O3 5.0 Rat, Oral
Bismuth nitrate, Bi(NO3)3-5H,O 4.4 Rat, Oral
Bismuth oxychloride, BiOCl 22 Rat, Oral
Triphenylbismuthine, Ph;Bi 180 Dog, Oral
Mercury chloride, HgCl, 0.001 Rat, Oral
Cerium chloride, CeCl; 2.1 Rat, Oral
Indium chloride, InCl; 1.1 Rat, Oral

Given that the low toxicity makes bismuth-based phosphors very attractive for the development
of biological probes, from the point of view of optical performances, specific properties
characterizing these compounds, like lone pair electrons and high refractive index, open intriguing
perspectives, inducing high emission probability rates and the possibility of unusual optical
responses arising by the local electron cloud distortions (see Section 3.2).

Furthermore, it is worth considering that, to date, almost all the lighting devices commercially
available contain rare-earth-doped phosphors (e.g. cerium and/or europium activated crystals).®?
The constant growth of the white LEDs market prompts the research, from one hand, to the
development of new strategies to effectively improve the efficiency of the devices and, on the
other hand, to find new alternatives to reduce the costs (keeping in mind the monopoly of China’s
rare-earth industries). In this context, bismuth seems to be a suitable candidate because of the
rather low cost, and promising properties for white LEDs development, based on the ability of
Bi** ions to absorb the excitation light of blue-LED and to emit in the red region.®

Finally, in the optic of designing the next-generation multimodal probes, moving toward
multifunctional nanoplatforms, bismuth-based materials have also the intriguing characteristic to
be suitable for computed X-ray tomography®® (CT), photoacoustic tomography® (PAT) and
single-photon emission CT® (SPECT).

1.2 Outline of the Thesis

In this thesis, new bismuth-based luminescent materials are presented. Synthesis and optical
studies of these materials are provided, discussing their applicability in different field such as
upconverting nanoparticles for bioimaging, ratiometric optical thermometer for biological
environments, persistent luminescence in the visible and near-infrared regions and broadband
sensitization of the Er’* emissions at the telecommunication wavelengths via Bi*" mediated
energy transfer.
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After providing necessary theoretical insights and basic knowledge, from the point of view of the
systems investigated this thesis can be divided into two parts. At first, bismuth-based oxide
materials as host for the luminescence properties of lanthanide and transition metal ions are
addressed (Chapters 4, 5 and 6), while the following focus is the investigation of the optical
properties of Bi** and Bi** ions as luminescent centers in perovskite CaSnO3 and Bi** as sensitizer
of Er** ions in codoped Y203 nanocrystals (Chapters 7 and 8).

The thesis is organized as follows:

The basic theoretical aspects and the important concepts explored in the thesis are presented in
Chapter 2. After an introduction of the general luminescence phenomena of the localized
luminescent centers, the chapter focuses on the theoretical background regarding quenching
(concentration and thermal activated), energy transfer, upconversion and persistent luminescence
processes.

Chapter 3 provides a brief overview of the luminescent properties of bismuth ions (Bi** and Bi*")
and luminescent bismuth-based compounds, highlighting the strong effects of the interaction with
the host. Moreover, an introduction on the potentialities of bismuth oxide-based compounds as
host for luminescent centers is given, with an insight on the different Bi2O3 polymorphs.

In Chapter 4, Bi203-based nanoparticles are proposed as a new class of host for upconverting
nanoparticles. The Y** doping effect is investigated by considering the upconverting emission
properties of Er** ions used as optical probe in the activated Bi2O3 nanoparticles. The direct role
played by the host bandgap in determining the nanophosphor optical performance is
demonstrated. In addition, Yb**-Ln*" codoped systems are reported for Ln=FEr, Ho and Tm. The
upconversion emission features and the quantum efficiency determined for the investigated
nanoparticles evidence their suitability for possible applications as upconverting systems.

In Chapter 5, we investigate the lanthanide-doped Bi2SiOs nanocrystal formation inside
mesoporous silica nanoparticles (MSNs). The role of both the processing temperature and the
concentration of precursor salts impregnated into the MSNs are discussed and a mechanism for
the formation of Bi2S10s/SiOz2 core-shell nanosystem is proposed. In addition, the easy tunability
of the color output of the upconverting system is demonstrated by suitable choice of the doping
lanthanide ions.

Chapter 6 introduces Bi2Ga4O9 doped with Cr** as a new material for ratiometric optical thermal
sensing. A detailed spectroscopic investigation is provided to estimate the crystal field
experienced by Cr**, designing the Tanabe-Sugano diagram and the configurational coordinate
diagram. With the aim to access the suitability of the material for thermal sensing, the temperature
dependence of PL and decay curves are reported and the key parameters, such as the relative
sensitivity and the temperature uncertainty, are calculated.

In Chapter 7 we focus on the persistent luminescence of Bi-activated CaSnOs. We demonstrated
the simultaneous stabilization of Bi*" and Bi*" ions, discussing the energy transfer between the
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two luminescent centers. The observed luminescence features are compared to other Bi-activated
CaBOs perovskites (B=Ti, Sn, Zr); moreover, the factors responsible for the metal-to-metal charge
transfer character of the transitions are discussed. Temperature dependence trends determined for
the photoluminescence emission intensities, combined with empirical models and persistent
luminescence analysis, are considered for designing the energy level diagram of the luminescent
centers respect to the host conduction and valence band energies, and then for proposing a
tentative mechanism for the observed persistent emissions. Finally, the effect of the codoping with
Tb*" or with Cr*" is also investigated.

Chapter 8 discusses the energy transfer process between Bi*" and Er’" ions in codoped Y203
nanocrystals prepared by Pechini type sol-gel process. The effectiveness of the Bi** mediated
enhancement and the broadening of the lanthanide absorption window as well as the crystalline
site hosting the Bi*" sensitizer are investigated. To get deeper insight the energy transfer process,
we propose a simple model for the calculation of the critical transfer distance and a tentative
determination of the interaction mechanism.

In Chapter 9, we summarize the main results of this thesis, and a perspective on the future research
driven by the obtained results is given.
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CHAPTER 2

Luminescence: Theoretical Background and
Processes

Abstract In this chapter, the basics of fundamental theory and processes regarding the
luminescence in solid materials are discussed. After the introduction of the fundamental
concepts dealing with the description of the general key parameters commonly used, a
brief overview of the optical and electronic properties of the main different types of
luminescent centers will be introduced. Then, different pathways leading to non-radiative
decay of the photoexcited emitter to the ground state (quenching processes) are described.
Finally, energy transfer, upconversion and persistent luminescence processes are briefly
reviewed.

2.1 Fundamentals of Luminescence

The term luminescence (from the Latin /umen, light) was first introduced in 1888 by Eilhardt
Wiedmann, including both fluorescence and phosphorescence.! Nowadays, the word
luminescence defines the phenomena in which the excitation of an electronic state results in the
emission of light. Luminescence can be due to light emission from localized centers (doped ions,
also called active or luminescent centers) or from delocalized centers (from host, as in the case of
semiconductors). Localized luminescent centers are the main subject of this thesis and will be
introduced in the next section.

The effect of a host material on the luminescence properties of an active center is different
depending on the nature of the active center and, in particular, of the transition considered. For
instance, if the f-f transitions in lanthanide ions are only weakly affected by the embedding matrix,
on the other hand, the f-d transitions in lanthanides, the d-d transitions in transition metal ions and
s-p transitions in ns*-type ions strongly depend on the host material. The reason of this different
behaviour is due to the specific nature of the orbitals involved. In fact, it is well known that the
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4f-orbitals are “shielded” by electrons in the more extended 5s- and 5-p orbitals, while, Sd-orbitals
(considered here as reference case for the class of the un-shielded orbitals) are more extended than
the 4f-orbitals and thus their interaction with the lattice is much stronger.

When an optically active center (luminescent center) is incorporated in a crystal, the shape of the
absorption and emission spectra is influenced by the interaction of the electronic energy levels
with the lattice vibrations (phonons). The interaction between the electronic states and the
vibrating modes is described in terms of electron-phonon coupling, resulting in the broadening of
the absorption and emission bands and in the occurrence of the Stokes-shift (energy difference
between the maxima of the absorption and emission bands belonging to the same electronic
transition?).

In order to describe (qualitatively) the relative energy levels and luminescent processes of active
centers in phosphors, configurational coordinate diagram is widely used. The single
configurational coordinate diagram is a very useful simplified representation of the energy
variation of the electronic levels of the active center with the nuclear displacements, in which only
one vibrational coordinate is used. Figure 2.1a,b show the configurational coordinate diagrams of
two electronic states with different displacement AQ, (Q, and Q. represent the equilibrium
position of the ground and excited state respectively), where the configurational coordinate Q
represents the deviation of ion-ligand distance from the equilibrium position. From the quantum
mechanical point of view, the description of the energy potential of a system consisting of an
active cation surrounded by coordinating anions (ligands) yields vibrational states with energy

levels (n + %) hw , where n is the vibrational quantum number and hAw the energy of the

vibrational mode.’ In addition, the change in bonding between the central active cation and the
ligands are responsible for the displacement AQ, between the equilibrium positions of ground
state and excited state.

The strength of the electron-phonon coupling is described by the Huang-Rhys parameter:*
_1Mw®
2 hw

where M is the effective ionic mass, w the vibrational frequency and AQ, is the effective mode

S (AQ,)? (2.1)

offset between the excited state and the ground state. As evidenced in Figure 2.1¢,d increasing S
parameter the spectra become broader and the highest peak moves away from the zero-phonon
line, with a clear increase of the Stokes-shift Egiores- Hence, a clear interconnection among the
Huang-Rhys parameter, the Stokes-shift and the offset displacement is established.

As a result of the differences described above in the 4f- and 5d-orbitals (the same considerations
can be applied to all the un-shielded orbitals) also the vibrational coupling extent is very different
depending on the transitions involved.
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Figure 2.1 Configurational coordinate diagrams of electronic states for (a) S=3 and (b) $S=0.5 and
corresponding ((c) and (d), respectively) emission (green) and absorption (light-blue) spectra. The Stokes-
shift Egiokes increases with the Huang-Rhys parameter S.

This simplified model can be used to qualitatively explain several observations such as (i) the
Stokes’ law, (ii) the width of the absorption and emission bands and their temperature dependence
and (iii) the thermal quenching mechanisms affecting the luminescence process.

2.2 Luminescence Centers

The typical (localized) luminescence centers in solid materials can be classified in three main
groups: (i) lanthanide, (ii) transition metal and (iii) ns>-type ions. The commonly observed
transitions in lanthanide ions are between f-orbital to f-orbital or d-orbital (f-f or f-d transitions),
while for transition metal ions these arise between d-orbitals (d-d transition) and in ns-type ions
from s-orbitals to p-orbitals (s-p transitions).

Lanthanide ions: f-f and f-d transitions

Lanthanides are the elements with atomic numbers from 57 (La) to 71 (Lu). The most common
oxidation state of lanthanides is +3 with an electronic configuration [Xe]4{", where n ranges from
0 to 14 moving across the series from La** to Lu**. These are characterized by unique luminescent
properties, emitting in a wide range of energies from UV to the visible, up to the NIR region of
the e.m. spectrum. The transitions are usually intraconfigurational f-f transitions, but also f-d
transitions from 4f" ground state to 4f""'5d' excited state are also exhibited by some lanthanide
ions.
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The key to the spectroscopic properties of lanthanides ions is the shielding effect of the electrons
in the Ss and 5p shells, that make the valence 4f orbitals “inner orbitals”.” Hence, the 4f energy
levels of free lanthanide ions are only slightly perturbed by the crystal field. These shielding effect
allows to construct the Dieke diagram of the 4f" energy levels for lanthanide ions, irrespective to
the host materials (Figure 2.2).

As schematically depicted in Figure 2.3a, when a lanthanide ion is embedded into a crystal, the
degeneracy of the free-ion levels is removed by (i) coulombic, (ii) spin-orbit and (iii) crystal-field
interactions. The Coulomb interaction (electrostatic interaction) accounts for the repulsions
between 4f electrons. Spin-orbit (SO) interactions split each >5*!L term into (2J+1) states denoted
25115, The energy levels of 4" configurations are identified by the so called **! L spectroscopic
notation where S, L and J are the total spin angular momentum, the total orbital angular
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Figure 2.2 Energy level diagram for Ln’" ions doped LaF; (from ref. 5).
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momentum and the combined spin-orbit angular momentum of the electrons in the f orbitals,
respectively. Moreover, the splitting induced by the crystal field interaction is smaller than the SO
interaction.

( a } Free Coaulomb Spin-orbit Crystal-field {b) Free Mephelauxetic Crystal-field
ion repulsion coupling splitting ion effect splitting
a5e1y 25‘+1;_J 50 e -[2”
Centraid ]
— shift
P — |
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Figure 2.3 (a) Coulomb interaction split the degenerate states of the 4f"-state into LS-terms (***'L), which
split into different spin-orbit terms (***'L,). The crystal-field contribution is less effective. (b) Schematic
effect of the host lattice on the 5d” energy levels: centroid shift (nephelauxetic effect) and crystal-field
splitting.

The outer 5d-orbitals are much more extended than 4f-orbitals and thus not shielded by filled 5s
and 5p-orbitals. The f-d transitions are thus much more sensitive to the crystal field. In particular,
if from one hand 5d energy is affected by the nephelauxetic effect due to the binding to the
surrounding ligands (lowering the energy of the excited state), from the other hand, the crystal
field can split the 4!5d! state into several components (Figure 2.3b). The f-d transitions are
common in trivalent lanthanide ions such as Ce*", Pr’" and Tb?", as well as in divalent ions such
as Eu?" and Yb?". It is important to mention that the host effect on the 5d energies, is also
commonly discussed in term of the centroid shift of 5d configurations, closely tied to the
nephelauxetic effect.*” Unlike f-f transitions, f-d ones are allowed, resulting in broad spectral
bands and strong absorption cross-sections. The crystal field and the nephelauxetic effects’” on
the 5d energy levels are important to explain the color output in Eu?** and Ce*" doped
phosphors'®!! but they are critical parameters also for a better understanding of the processes
involved in persistent luminescent materials, as reported by Ueda'” for Ce**-doped garnets.

Transition metal ions: d-d transition

Transition metal ions are characterized by ground configurations with open nd shells, where the
spin-orbit interaction increases with n. For instance, when the unfilled 3d-orbital elements are
introduced into crystalline solids, they can exist in various oxidation states (from +1 to +6). As a
result, the unfilled 3d shell becomes an outer electron shell with electronic states strongly affected
by the nearest environment. In the simplest case of free Ti**, with 3d! electron configuration, the
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energies of the five 3d-orbitals are identical (degenerate orbitals). When the ion is incorporated
into a crystal, if the cation is located into an octahedral crystal field (six red points in Figure 2.4a)
the energies of x>-y? and z? orbitals increase because of the electron repulsion from the anions
with the same orientations, and the splitting into Eg (x2-y?, z?) and T2 (Xy, yz, xz) levels occurs.
In the case of tetrahedral crystal split (four blue point in Figure 2.4a) the orientation of the anions
induces the opposite situation, with T2g (Xy, yz, xz) at higher energy than Eg (x*-y% 7%) energy
level (see Figure 2.4b).
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Figure 2.4 (a) Schematic representation of the orientation of the five d-orbitals xy, yz, xz, z* and x*-y*
distributed in tetrahedral coordinated state (4 blue anions) or in octahedral coordinated state (6 red anions)
with transition metal ion at the center. (b) Splitting of energy levels for tetrahedral (blue) and octahedral
(red) crystal fields.

For multi-electrons cations such as Cr**, the energy level splitting is much more complex and a
detailed investigation was performed by Tanabe and Sugano,'*'* that developed the famous
Tanabe-Sugano diagrams for all the electronic configurations of transition metal ions, from d? to
d®. These diagrams are a very useful tools that has allowed to predict the optical properties of
metal transition ions activated materials in terms of 10Dq and Racah parameter B. In Figure 2.5
a reproduction of the Tanabe-Sugano diagram for d* and d? is provided.

In 2013, Srivastava and Brik'® introduced for the first time a new B1 parameter (function of the
Racah parameters B and C) for the prediction of the energy levels of Mn*' by considering the
nephelauxetic effect. In 2016, Brik et al.'® applied the theory to Cr**, Mn*" and Ni*" in a wide
variety of hosts, extrapolating an empirical equation for the determination of the lowest energy
spin-forbidden transitions (from 2Eg, 2E, and 'E,, excited state, respectively).
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Figure 2.5 Tanabe-Sugano diagram for the d* and d’ electronic configuration ions in octahedral
coordination (e.g. Cr** for d* and Cr**, Mn*" for d*).

Another useful analysis to predict the energy level positions of Cr** and Mn*" ions in solids was
presented by Ogasawara et al.,'’” by means of first principle calculations. They calculated the
multiplet energy level diagram as a function of the Cr-O bond length, allowing a prediction of the
optical response of the materials by means of crystalline informations.

In Chapter 6, a detailed spectroscopic investigation of a Cr**-doped material will be presented.
ns’-type ions: s-p transition

Tons with outer ns? configuration (T1*, Sn?*, Pb?", Sb**, Bi**...) are considered strongly interacting
with the surrounding host lattice, with a consequent effective influence on their luminescence
properties.'® The interest in this class of luminescent centers is due to their characteristic parity
allowed ns?> «> nsnp electronic transitions that can result in efficient excitation and bright
emissions.'® Early studies have dealt with the optical properties of T1" in crystalline host such as
KC1,'"? so s? ions are also called T1'-like ions.”’

The ns? ions are often characterized by off-center position due to the stereochemically active lone
pair electrons (LEPs). The ns? pair, in principle, is spherically symmetric (without induction of
distortion), thus the directed lone pair has been considered to be originated from a strong
hybridisation of the ns states with the np ones.”* However, a more rigorous explanation is based
on the pseudo-Jahn-Teller effect (PJTE), also known as second-order Jahn-Teller effect (SOJTE),
that is a source of instability and distortions of high-symmetry configurations of any polyatomic
system in nondegenerate states.”” The distortions have thus a strong effect on the excited states.
In addition, the excitation band position strongly depends also on the covalency (and
polarizability) of the ns? ion-ligand bonds because of the electron cloud deformation induced by
the so called nephelauxetic effect. As a result, the strong effect of host lattice to the energy levels
of the ns? ions gives reason for a variety of emission energies, ranging from UV/blue to red.
However, to date, even if the spectroscopic principles of the ns*-type ions are well understood,”
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the attribution of excitation and emission bands in many host lattices is still difficult and

controversial.”®

For an insight into the spectroscopic fundamentals of Bi** ion and a brief review on the models
developed in the last years to predict the energy level positions, a focused introduction on Bi**
and in general on Bi-doped materials is presented in Chapter 3. Moreover, two examples of Bi**-
activated materials are shown in Chapter 7 and Chapter 8.

2.3 Selection Rules of Electronic Transitions

The electronic transitions are primarily of electric or magnetic character. In fact, in the Fermi’s
golden rule, defining the transition probability rate W,,,, between |m) and |n) states,

2
Wonn = = [nlHlm) 20 (heo) 22)

the perturbation responsible for optical transitions (described by the operator H) can result from
the change of the center in the electric dipole moment (Ej), magnetic dipole moment (M) or
electric quadrupole moment (E). However, roughly: Wy ~108 s, W), ~10% s and Wy o~10s
1

2.3.1 Laporte (symmetry) selection rules

Laporte’s rule states that, electric dipole transitions occur when
Al = +1

(I orbital quantum number), that means that the initial and final states must have opposite parity.
Hence, based on Laporte’s rule, transitions can be classified in parity allowed transitions and
parity forbidden transitions. In particular, the parity of s and d orbitals is even, while that one of
p and f orbitals is odd. Consequently, d-d and f-f transitions are parity forbidden, while f-d
transitions and s-p transitions are parity allowed. Moreover, the parity rule generally determines
the transition probability, explaining, for example, the very intense absorptions due to f-d
transition in Ce*"-doped materials or s-p transitions of Bi** in many hosts.

It should be point out that, although the electronic transition process mainly depends on the

electronic dipole transition (parity allowed), magnetic dipole and electronic quadrupole (both

parity forbidden) also give minor contributions in the real process. In fact, the real transition

moment is:”’

2 3nwi,
* 40c?

where, the first term on the right hand side is the electronic dipole momentum (E}), the second

e
[Mnl? = 1Cerdnl? + | (527 % P) e Pal? 23)

2 mn

term represents the magnetic dipole momentum (M) and the third is the electronic quadrupole
momentum (Ey). Although the Ep-transition is parity forbidden for f-f and d-d transitions of free
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lanthanide ions and transition metal ions, in crystals, the transition become partially allowed by
the odd component of the crystal field.

2.3.2 Spin and total quantum number selection rules

The conditions describing the selection rules governing the dipole transitions are reported:

1. In the case of weak coupling (LS-coupling scheme) between the orbital angular momentum
(1) and spin angular momentum (s), the transition occurs if:
AS =0 (spin-allowed transition);
AL =0or +1;
AJ]=0o0orx1 (J=0-] =0 is forbidden).

2. In the case of strong coupling (JJ-coupling scheme) between the orbital angular momentum
(1) and spin angular momentum (s), the transition occurs if:
A <6 (J=0-]=0,1,23,5 are forbidden).

For magnetic dipole transitions, the selection rule is: |AJ| = 0,+1 (J = 0 — J = 0is forbidden).

2.4 Concentration and Thermal Quenching Processes

The term quenching is usually used to include any phenomenon which leads to an undesirable
reduction of the emission intensity generated by a luminescent center. Even if the causes of this
phenomenon are multiple and different (e.g. temperature, doping concentration), the presence of
a competitive deactivation mechanism, leading to the non-radiative relaxation process, always
affects the emission yield of a radiative transition involving the relaxation from an excited to a
low-lying energy state.

In this section, the main radiationless processes for an excited center are presented.
Concentration quenching

High dopant concentration favours high energy transfer rates between dopants and, if the average
distance between the luminescent centers is smaller than the critical Forster radius R, (a parameter
that depends on the nature of host and activator), the energy can migrate among the donor species
until a quenching site is reached (i.e. trapped into a non-luminescent defect or impurity). The loss
of excitation energy by non-radiative process leads to a reduction of the luminescence quantum
yield. Auzel et al.”® described the quantum efficiency 7,,, of the lowest excited state depending
on the luminescent ion concentration x through the following relationship:

Nem(X) = [1 + 2 (£>Zl_1, 2.4)

21 \x,
where X, is the critical concentration.
In this regard, it is important to note that large Stokes-shift reduces the energy transfer probability

and thus the concentration quenching impact.”’
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Figure 2.6 Scheme of concentration quenching in doped crystal. When luminescent centers are close
together, the excitation can migrate and reach a quenching site in the crystal where be lost as heat. Grey
and brown spheres represent the host anion and cation, respectively, green spheres the luminescent centers,
orange dashed circle the killing center (quenching site such as a vacancy) and the light blue dotted arrows
the energy migration through the crystal.

Thermal quenching

It is well known that high temperature can be detrimental for the luminescence in inorganic solids,
leading to an overall decrease of the emission intensity. This process is generally known as
thermal quenching.

Describing thermal quenching process, an energy barrier AE can be usually associated to the
quenching process.’’ Experimentally, the thermal quenching profile of a material is described by

T) = 1(0) (1 + %e-AEr/kBT)_l 2.5)

where 75 is the intrinsic radiative decay constant of the ion, Ty is the decay constant for the non-
radiative process and kg is the Boltzmann constant. An alternative way to estimate AE; is
provided by considering the relationship with the specific temperature Tsqo,, that is the
temperature at which the intensity decreases down to 50% of the largest value recorded at low
temperature:
AE;
kgT In :E
TNR
As previously mentioned, the thermal quenching of luminescence is usually described in term of
configurational coordinate model of non-radiative relaxation processes. Referring to Figure 2.7a,
if the temperature is high enough to populate the energy levels in proximity or above the crossing
point between the two parabolas, the system relaxes non-radiatively through the vibrational levels
of the equilibrium ground state. As a result, the energy is given up as phonons to lattice during
the process.'®

Tsoy = (2.6)

Unlike the concentration quenching, the thermal quenching process drastically increase with
Stokes-shift increasing. In fact, the bigger the Stokes-shift, the lower the energy between the
bottom of the excited state (equilibrium position) and the crossing point of the parabolas.
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Figure 2.7 Schematic representation of luminescence quenching mechanisms; models based on (a)
thermally activated crossover, (b) multiphonon relaxation, (¢) thermally activated ionization and
photoionization and (d) quenching process induced by charge transfer states (IVCT and MMCT).

In the case of weak coupling (5<0) there is no crossover point between the GS and ES parabolas
(e.g. for the trivalent lanthanide f-f transitions). However, if the separation between two levels AE
(the so called energy gap) is equal to or less than 4-5 times the vibrational energy hw typical of
the host, the excited emitter rapidly relaxes non-radiatively. This non-radiative process is called
multi-phonon relaxation. This process can thus reduce the quantum efficiency and shorten the
lifetime of an emitting state depending on the coupling with the surrounding vibrations.

The dependence of non-radiative probability Wy on energy gap to the next lowest level AE and
on the number of effective phonons p (where p = AE/hw, ) is expressed by:*

Wyg = Ae~®E = pe~(ahwery)p (2.7)

the so called energy gap law. Here, hw,yy is the effective phonons, the highest energy phonons
that are expected to participate in the non-radiative de-excitation process. At low temperature and

small Huang-Rhys parameter, the temperature dependent multi-phonon relaxation rate can be
express as:’!

Wyr(T) = Wy (0){1 + ngpr}’ (2.8)

where the occupancy of the effective phonon modes (Bose-Einstein occupation number):
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Nesr = |exp(hwess/ksT) — 1] 2.9)

and p is the order of the multi-phonon process (AE /hw, ).

In addition to the thermally activated crossover, the thermal quenching process can be driven also
by thermally activated photoionization process (Figure 2.7¢). In fact, if an emitting state is situated
just below the conduction band, the ionization of an electron from the excited state to the
conduction band can take place.'®*? This is the case for Eu** 5d-4f emission in some hosts, in
which 5d electron is thermally excited to the conduction band states.”** Moreover, the same
quenching process was considered to explain the absence of Ce*" luminescence in different hosts®”
and it was recently stated as the thermal quenching mechanism in the most famous phosphor for
white LEDs (w-LEDs), YAG:Ce**.%°

In this context, as will reported in Section 2.6, the vacuum referred binding energy diagram
(VRBE) is a powerful tool to investigate the absolute energy position of valence and conduction
band edges relative to the excited states of luminescence centers, making light on the mechanisms
involved in the luminescence processes.

Finally, another path that can bring to the quenching of luminescence involves the charge transfer
states (CT). In the case of Y203:Eu®" the fast radiationless transition from the CT state to the
excited °D levels is responsible of the useful properties of this material, however, a CT state with
large offset can induce the population of the ground state strongly reducing the luminescence
(scheme in Figure 2.7d). As will be described in detail in Chapter 3 about the case of Bi**,
depending on the nature of the dopant pairs in solid host, two different charge transfer states are
defined: intervalence charge transfer (IVCT) states of mixed valence pairs and metal-to-metal
charge transfer (MMCT) states of heteronuclear pairs.’’

2.5 Energy Transfer and Upconversion Processes

In this section, energy transfer processes between a donor and an acceptor (also called sensitizer
and activator) is described. The energy transfer between two optically active species embedded in
a crystal can result in a wide variety of interesting phenomena, still object of an intense research
activity in the field. After the introduction to the general knowledge on mechanisms involving the
non-radiative energy transfer theory developed by Forster’® and Dexter,” we briefly discuss the
basic concepts of the upconversion processes (topic of the Chapters 4 and 5).

2.5.1 Energy transfer

When the energy level structure is adequate, an excited center can act as an energy donor for an
acceptor. In general, energy transfer from a donor to an acceptor may take place via three different
processes depending on the coupling regime (Figure 2.8a): exchange interaction, non-radiative
multipole-multipole interaction and radiative transfer.
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In the case of a radiative energy transfer, no actual coupling of ions exists, and the transfer of the
energy occurs through the radiative reabsorption by an acceptor of a real photon emitted by a
donor (also called reabsorption mechanism). For a radiative energy transfer by dipole-dipole
interaction, W,24 o 1/R?. From the experimental point of view, a radiative energy transfer is
characterized by (i) spectral dips in the emission spectra of the donor corresponding to the
absorptions of the acceptor and (ii) unchanged decay time of the donor.

Unlike radiative ET, when the ions are closely spaced (strong-coupling, in a range of few
angstroms) the transfer of excitation energy takes place by direct electron transfer exchange
among the ions, while in a weak-coupling regime (several nanometers), the ions interact through
coulombic interactions with a non-radiative energy transfer process governed by multipolar
interactions. According to Fermi’s golden rule, the probability Wp 4 of energy transfer between an
excited donor D* and a relaxed acceptor A is:

2
Woa = S D", Al 1D, A [ F.(Efs(B)AE 2.10

where Hp, is the interaction Hamiltonian between donor and acceptor (with energy transfer
process described as D* + A - D + A*; the asterisk denotes excited states), and the integral
indicates the spectral overlap between the emission spectrum of the donor f2 (E) and the
absorption spectrum of the acceptor f;3.(E) (Figure 2.8b,c).
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Figure 2.8 (a) Scheme of the possible energy transfer mechanisms (radiative, non-radiative and exchange
interaction) and (b) energy level diagram for the non-radiative energy transfer process between a D-A pair
with (c) the spectral overlap between donor emission (£,2, (E)) and acceptor absorption (i3, (E)) profiles.

If an energy donor D and an acceptor A are close enough that their electronic wavefunctions
overlap, a non-radiative energy transfer by exchange interaction can occur (also known as Dexter

transfer). If the wavefunctions overlap varies as e "®/@0 %0 the transfer probability due to exchange
interaction is given bv:*’

21
w2k = () a0 [ B e E)aE @1
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where A? is a constant, R the separation between D and A, f.2 (E) and £/}, (E) the spectral shape
of the D emission and A absorption, respectively, and a, the Bohr effective radius. When the
distance R between the donor and the acceptor increases, the probability decreases exponentially.

In the electrostatic interaction range, the resonant energy transfer mechanisms depend on the
character of D and A transitions. The strongest transitions are usually electric dipole transitions,
thus an electric dipole transition of the donor couples an electric dipole transition of the acceptor
(Forster-energy transfer type) with a transfer probability given by:*®

3cthta, fﬁ?n(E)fcz‘zs(E) i
4tn*tp R E4

with g, absorption cross-section of the acceptor, T, radiative lifetime of the donor and n refractive

Wi (R) = (2.12)

index of the crystal. In order to describe the strength of energy transfer for a donor-acceptor
couple, a convenient parameter introduced by Forster is the critical radius R, defined as the D-A
separation at which the probability of transfer equals the probability of radiative emission of the
donor (i.e. W2 - 7, = 1). The energy transfer probability can thus be expressed as:

6
WPA(R) = Ti(%) . (2.13)

Other electric multipolar interactions become relevant at shorter distances, with dipole-
quadrupole (dq) interaction that varies as R™® and quadrupole-quadrupole (qq) interaction that
depends as R™1°. Dexter demonstrated that the energy transfer probability can be generalized:*’

Wpa(R) = %(%)S (2.14)

where s=6 for dipole-dipole interactions, s=8 for dipole-quadrupole interactions and s=10 for
quadrupole-quadrupole interactions.

Moreover, in general, the dependence of the transfer probability Wy,(R) on R due to the
multipolar interaction can be written as:*

_ ®aa | %aq | %qq
Wpa(R) = p&+ 5 + oo+ (2.15)
where @44, @gqq and a4, are factors that weight the different interactions depending also on the

overlap. The equation states that, if the electric dipole transitions are not completely allowed,
higher interaction processes (d-q or q-q) can have larger transfer probabilities at short distances.

If, from one hand, energy transfer processes can be detrimental for the overall luminescent
quantum yield (as for the case of energy migration induced by high concentration described in
Section 2.4), on the other hand, many different types of energy transfer processes can occur
between ions, leading also to interesting phenomena such as upconversion and downconversion
(Figure 2.9).
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Figure 2.9 Schematic diagram of the upconversion (a) and downconversion (b) processes. The two main
mechanism involved in downconversion process: (i) cooperative energy transfer consists in the
simultaneous transfer of energy to two nearby acceptors, while (ii) cross-relaxation deals with the transfer
of partial excitation energy of a donor to an acceptor.

Upconversion process (UC) refers to the generation of one high-energy photon from two or more
low-energy absorbed photons (Figure 2.9a). Chapters 4 and 5 deal with bismuth-based
upconverting nanoparticles and Section 2.5.2 summarized the main upconversion mechanisms
involved in lanthanide doped materials.

Downconversion process (or quantum-cutting) consists in the generation of two low-energy
photons from one high-energy absorbed photon. Figure 2.9b shows the quantum cutting of a single
ion (for a simple schematic description), however this process is inefficient and an energy transfer
process is usually involved. This process can be ascribed to different energy transfer pathways
involving mechanisms such as cooperative energy transfer (Figure 2.9b) or cross-relaxation
(Figure 2.9¢). Downconversion processes are beyond the scope of the present thesis and will not
be discussed further. For a detailed description refers to reff. 41,42.

2.5.2 Upconversion

An anti-Stokes process consists in the emission of photons with higher energy than the absorbed
ones. In general, this non-linear process occurs, in order of increasing efficiency, in three main
ways:*** two-photon absorption (TPA), second harmonic generation (SHG) and upconversion
(UC).
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Figure 2.10 Simplified energy level diagrams of the typical anti-Stokes processes: (a) two-photon
absorption (with an efficiency 1 of 10"3-10"? cm?W™"), (b) second harmonic generation (with 7 in the order
of 10" em*W™) and (c) upconversion (with an efficiency 1 in the range of 10®-10" cm®*W™', depending
on the mechanism).

TPA and SHG are characterized by a virtual intermediated level involved in the process. In SHG,
also the emitting level is virtual (coherent excitation is needed). Hence, these two processes are
very inefficient (17 in the range of 1073-10""" cm?W™! #*%) and very high excitation power is
required. Unlike TPA and SHG, UC process depends on a real intermediate energy state leading
to higher efficiency (up to 107! cm?W™!). The existence of a real long-lived intermediate state
between the ground state and the emitting state is required to store the energy up to the absorption
of the second low-energy photon, leading the excitation to a higher-lying excited state. It is
important to underline that the rich energy-level scheme (as described in Section 2.2) makes
lanthanide ions ideal candidates for photon upconversion.

The theoretical concept of upconversion was firstly introduced in 1959 by Bloembergen,*® but

1** and Ovsyankin and Feofilov*’ independently showed experimentally the

only in 1966, Auze
upconversion process for the first time. Since this year, many efforts were devoted, from one hand,
to the comprehension of the mechanisms and the key parameters involved for the design of
efficient upconverting materials and, on the other hand, to the application of such materials in
many technological fields. In particular, in the last two decades, with the rapid emergence of
nanotechnologies, enormous attention was attracted by the use of upconverting nanoparticles in

biological applications such as bio-imaging and nanothermometry.

The schematic energy level diagram of UC process illustrated in Figure 2.11 is a simplified view
of the real process. Hereinafter, the main upconversion mechanisms involved, such as (a) excited-
state absorption (ESA), (b) energy transfer upconversion (ETU), (c) sensitized energy transfer
upconversion (sensitized ETU), (d) cooperative luminescence upconversion (CLU) and (e)
cooperative sensitization upconversion (CSU) are presented.
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Figure 2.11 Principal UC mechanisms: (a) excited-state absorption ESA, (b,c) sensitized energy transfer
upconversion ETU, (d) cooperative luminescence upconversion CLU and (e) cooperative sensitization
upconversion CSU.

Excited-State Absorption (ESA)

Ground state absorption/excited state absorption (GSA/ESA) is the simplest upconversion
mechanism involving only one dopant (Figure 2.11a). The mechanism consists in the first
absorption of the exciting photon by the ground state |0) populating the intermediate state |1). If
the lifetime of the intermediate state |1) is long enough, a second photon can be absorbed, exciting
the ion to the higher-lying excited state |2) from which upconversion luminescence originates.
Among the lanthanide ions with a suitable ladder-like energy level structure for ESA process,
Er**, Ho’", Tm®" and Nd*" can be mentioned.

Energy Transfer Upconversion (ETU)

Upconversion through energy transfer mechanism (ETU) (Figure 2.11b,c) is the most efficient
upconversion mechanism. It involves non-radiative energy transfers between two dopants and it
exists in two different types. It can involve a pair of identical ions (donor-donor pair) where
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intermediate states of the identical centers are excited by GSA and then one of the centers is
excited to a higher energy level via energy transfer (Figure 2.11b). This is the case, for example,
of Er¥*. Alternatively, the mechanism (GSA/ETU) occurs between two different centers: a donor
(e.g. Yb*") and an acceptor (e.g. Er**, Ho**, Tm®"). In the case of donor-acceptor pair, the donor
absorbs the incident photon and then it relaxes to a lower-energy state (the ground state for Yb*")
by transferring the energy to a neighbouring acceptor that eventually emits (Figure 2.11c).

The sensitized energy transfer upconversion mechanism is the key mechanism in the materials
with the highest efficiency that are used in biological applications.

Cooperative Luminescence Upconversion (CLU)

Upconversion by cooperative luminescence (Figure 2.11d), consists in the sequential absorption
of two exciting photons by two different ions. Consequently, both ions decay simultaneously with
the emission of a single photon of an energy that is the sum of the energies of the ions. The
cooperative luminescence emission occurs from a virtual level, with a very low emission
probability.

Cooperative Sensitisation Upconversion (CSU)

The cooperative sensitization upconversion process (CSU) is similar to the CLU mechanism, with
the difference that, after the double absorption of the photons, the energies of the two ions are
transferred to a third ion that is brought to a higher-lying level with energy equal to the sum of
those of the former two ions. The main difference is thus the presence of a real emitting state with
a consequent higher efficiency respect to the CLU process. CSU has been reported in a variety of
Yb**-Tb** codoped systems, such as SrClz,** Cs3Tb2Bro ***’ and LaPQ4.>°

Among the possible mechanisms depicted in Figure 2.11, it should be noted that UC process is
strongly dominated by the contributions of ETU processes occurring between a donor-acceptor
pair (sensitized ETU). This is the case for the most famous couples Yb**-Ln** with Ln=Er, Tm or
Ho. In such case, the energy transfer from the donor (Yb**) to the acceptor (Ln*") is dominates by
dipole-dipole interactions, with an energy transfer probability that follows the Eq. 2.12. From this
equation, it is clear that the requirement for an efficient energy transfer is a high absorption cross-
section of the acceptor (o) at the emission wavelength of the donor, as for Yb**-Er** couple
exciting at 980 nm. In the case of the well-known Yb**-Ho>" and Yb**-Tm>" couples, the energy
mismatch is compensated by phonon-assisted energy transfer.

As reported by Pollnau et al,”' the UC photoluminescence intensity I;. has a non-linear
dependence on the excitation density:

Iyc = kmatP" (2.16)
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where k4 1s a coefficient related to the material, P is the power of the pump laser and n is the
number of the photon required to produce UC photoluminescence. A very useful way for the
determination of n consists in evaluating this parameter as the slop of the linear relationship
resulting from the log-log graphic representation of the Iy, vs. P trend (see Section 4.3.3).
Moreover, it is clear that the n estimate can be affected by many competing processes (e.g. the
decay rate at the intermediated states) and at high excitation density a saturation effect can take
place.’'>* Moreover, by considering the strong dependence of the upconversion process on the
excitation density, it is interesting to derive the power dependence of the upconversion quantum
yield (UCQY), defined as the ratio of the emitted photons to the number of absorbed NIR photon:

I
UcQy = £ « pr-t (2.17)
aP

Because of this dependence, the UCQY for an UC peak must be referred to the particular
excitation density used during the measurements.

In addition to the above mechanisms, the so called photon avalanche (PA) effect must be
mentioned. PA is a process that produce UC above a threshold of excitation power. This particular
effect consists in a looping process (Figure 2.12) involving several absorption and energy transfer
processes (i.e. excited state absorption (ESA) and efficient cross-relaxation (CR) processes).
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Figure 2.12 Photon avalanche (PA) process.

The looping process occurs following the scheme in Figure 2.12: (i) weak non-resonant GSA
populates the |1) state of ion 2, then (ii) ESA process bring the ion to the emitting level |2),
following by (iii) efficient CR process between the two ions |2);pn2 + 10)ion1 = [1)ionz + 1) ion1
and finally (iv) the loop is complete with the transfer of energy of ion 1 to ion 2, populating the
|1) state.*>>* The net effect of the looping process is the generation of two ions excited at the
metastable |1) state starting from one, with the production of four in the second cycle, eight in the
third, and so on, with an avalanche effect. However, it should be point out that the PA effect is
seldom observed in UC nanoparticles, probably because of the particular requirements for the
avalanche regime.
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2.6 Persistent Luminescence

Persistent luminescence (PersL), also called phosphorescence, afterglow or long lasting
phosphorescence (LLP), is generally known as the phenomenon of emission of light for
appreciable time (from seconds to days) ones the excitation radiation is removed. Even if the first
observations of such phenomenon dates 1602,>° only from the discovery by Matsuzawa (in 1993)
and the early studies®®*’ of very bright and long afterglow in SrAl204:Eu?",Dy*", the design and
development of new persistent luminescent materials became an active research area.

As well reviewed by Smet et al.,’*’ the extensive research on persistent luminescent materials of
the last two decades has resulted in the discovery of a wide variety of materials that can be mainly
divided in Eu**-doped and non-Eu?**-doped compounds (in these two review, PerL compounds
are listed). Figure 2.13 shows how, nowadays, the emissions of the persistent luminescent
materials cover almost the whole visible spectrum.
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Figure 2.13 Main persistent luminescent materials respect to the emission wavelengths. All the value
reported for the materials emitting in the blue-red region (without superscripts) come from reff. 58,59. The
values reported for the red-NIR emitting materials are taken from reff. 60-66 (superscripts).

In 2007, the use of the red to NIR persistent nanoparticles was introduced as a new concept for
bio-imaging applications by Chermont ez al..®” The possibility to charge these optical labels before
the injection allowed to completely remove the problems of autofluorescence in biological
environment, improving significantly the signal to noise ratio. Hence, the design of persistent
materials able to emit in the red to NIR region became an active research area in the last decade,
showing great results for transition metal-activated oxide materials, in particular for Cr**-doped
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Chapter 2 - Luminescence

persistent phosphors® (some of which are reported in red in Figure 2.13). Among the Cr*"-doped
materials with long-lasting potentiality suitable for in vivo imaging, ZnGa>04:Cr>" system showed
% becoming one of the most investigated materials from the fundamental and
applied point of view.***7*> Moreover, other worth mentioning Cr**-activated persistent systems

are LiGasOs:Cr’*,%> Zn3Ga2Ge2010:Cr’* ¢ and LaAlO3:Cr>*.0%¢!

high performances

An afterglow phosphor is composed by (i) the host lattice, (i) the luminescent (recombination)
center and (iii) the trapping center. In a simplified view, the mechanism is based on the ability to
storage the excitation energy by traps (intrinsic or induced) and the slow release of trapped charge
carriers by thermal excitation with subsequent photon emission from luminescent centers. Figure
2.14 shows the sketch of the energy level diagram with the typical electron trapping process
generally accepted as the mechanism for the SrAl204:Eu**,Dy>* system and for the general Cr**-
doped persistent materials.
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(1) Charge
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(3) Electron de-trapping
Lumin. Center  (4) Emission

Figure 2.14 Schematic energy level diagram of the persistent luminescence mechanism with different
electron trapping processes: (i) direct excitation into the CB, (ii) thermally assisted photoionization process
and (iii) quantum tunnelling effect.

In this view, the electron trapping process to the conduction band can be achieved by different
paths:®® (i) excitation from the GS directly in the CB, (ii) from GS to the energy level slightly
below the CB followed by a thermally assisted photoionization process that bring the electron into
the CB or (ii1) quantum tunnelling effect from an energy level far below the bottom of the CB.

On the basis of the knowledge gained in the recent years, the key point for the design of the
effective persistent phosphors is the ability to tune and control the so-called trap depth, the energy
difference between the bottom of the conduction band and the electron trap (A< in Figure 2.14).
In this view, the bandgap engineering technique was recently exploited as a very effective method
to adjust and optimize the trap depth in different systems, such as Y3Als«GaxO12:Ce*,Cr?*, 747
Y3Al5:xGaxO012:Cr¥*,7 GdsAlsxGaxO12:Cr¥* Eu**,”” Zn(GaixAlx)204:Cr* Bi** 7 and Mg3Y2(Gei-
xSix)3012:Ce*".””
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The mechanism of persistent luminescence briefly described above, considers electron trap as
trapping center to store the excitation energy, however, also hole-trapping and -detrapping
mechanism via the valence band (VB) was recently evidenced in some hosts.*’

The model proposed by Dorenbos,®' based on a combination of the energy level structures of the
host (top of the VB and bottom of the CB energies), of the luminescence centers and of the co-
dopants (acting as traps), has brought to a real deeper understanding of the persistence mechanism.
In fact, even if the model makes several simplifying assumptions (e.g. the role of co-dopants is
not explained), it was demonstrated to be successfully used to design efficient persistent
luminescence phosphors. The vacuum referred binding energy (VRBE) diagram is thus a powerful
tool for the realization of persistent luminescence materials as well as for a better comprehension
of those mechanisms involved in luminescent systems in which a key role is played by the relative
positions of the energy levels of the emitting centers respect to that of the VB and CB of the host.
With this aim, the use and the potentiality of the VRBE diagram approach will be discuss in detail
in Chapter 4 and 7. Figure 2.15 summarizes the main data needed for the design of the VRBE
diagram in the case of lanthanide ions in a host 4:”**" (1) the bandgap value of the host E, (2)
the charge transfer (CT) transition energy of Eu (Eu** + e [O(2p)] — Eu*") for assessing the Eu**
ground state energy (also Ce CT can be used) and (3) the vacuum referred binding energy of an
electron in the 4f” ground state of Eu®* in the chemical environment A4, Ear (7, 2+, 4), defined as

18.05 — U(6, A)
0.777 — 0.0353U(6, A)

Eyp(7,2+,4) = —24.92 + (2.18)

where -24.92 eV is the VRBE for the free ion and U(6,4) is the Coulomb repulsion energy.
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Figure 2.15 VRBE diagram of 4f levels in YPO,4 with the parameters needed for its design: arrows 1 and
2 indicate U(6,YPOa4) and the electron transfer from the VB to Eu**, respectively (from ref. 83).

It is important to underline that, in principle, all these data come from “standard”
photoluminescence studies (except for very high bandgap materials for which synchrotron or other
VUV excitation source are needed to determine the bandgap energy value). In addition,
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thermoluminescence analyses are usually performed to study the trap depth distribution generated
by intrinsic defects or doping ions intentionally embedded in the host with such purpose.

The thermally stimulated luminescence emission due to the recombination of electrons thermally
released from traps during heating process, after the excitation at low temperature, is called
thermoluminescence (TL).** The temperature dependence of the emission intensity is called TL
glow curve which is used to estimate the activation energy of traps. As schematically depicted in
Figure 2.16, the TL glow curve measurement consists of: (a) cooling of the sample at low
temperature, and UV excitation of the sample to fill the traps with electrons or holes, (b) stop of
the excitation, waiting of the detrapping for the shallowest levels for few minutes and then (c)
record of the intensity during the temperature rising at constant rate.
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Figure 2.16 Simplified sketch of the basic principles of the TL analysis (a,b,c) and the glow curve (d).
Intensity peaks of glow curves are caused by different energy differences between traps and the conduction
band. Since different stimulation energies are needed, electrons from different traps are released at different
temperatures.

Finally, it should be pointed out that many different models were proposed, however, the precise
mechanism for the persistent luminescence process is still under debate (like the nature of the trap

centers) and not completely understood.”**

For a detailed review on the Eu?*'-doped and non-Eu?’-doped persistent phosphors, on the
mechanism of PersL and the red to NIR persistent phosphors, it is worth referring to the review
reported by Smet et al.,”®>’ Holsi et al.®® and Tanabe et al.,’® respectively.

2.7 Absorption Edge for Direct and Indirect Transitions

As previously introduced, the description of the energy level diagram respect to the energy
position of the valence and conduction bands (in absolute scale) is an important step to design
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new phosphors and discuss luminescent properties. In this view, a key role is played by the
bandgap of the host.

The band structures of semiconductors are intensively investigated by means of optical absorption
and/or diffuse reflectance spectroscopy. In presence of a specific band structure, typical light
absorption features are the ones associated to electrons transitions from the valence (VB) to the
conduction (CB) bands, occurring only at photon energy suitable for bridging the gap separating
the two bands.

Considering the case of VB-CB transitions for electrons with the same momentum (direct
transition) as shown in Figure 2.17a, the absorption coefficient a(hv) is written as:

a(hv) = A(hv — E,)""? (2.19)

where A is a constant and Ej; is the energy bandgap; the materials with this type of band structure
are called as direct gap materials. For some of these, the transition at k=0 is forbidden by the
selection rules and the absorption coefficient becomes:

3/2
— A’ _
a(hv) = A'(hv —E,)™"". (2.20)
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Figure 2.17 Simplified electronic band structure of direct- and indirect-bandgap semiconductors.

In the case depicted in Figure 2.17b, both the energy and the momentum of the electrons are
changed and this process is known as indirect transition. This type of transition is accompanied
by the excitation (or the absorption) of phonons and the absorption coefficient including these
phonon-related mechanism can be written as:

Ep -1
a(hv) = A(hv — E; + E,[,)2 (ekTT - 1) (2.21)
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where E,, is the phonon energy; the materials with this type of band structure are called as indirect

gap materials.”’

Many different methods can be used to calculate the bandgap energy of semiconductors. As
adopted for some of the studies presented in the following chapters, a common method is based
on the combination of the Kubelka-Munk function®® and Tauc plot®’ approaches, starting from the
spectra obtained by diffuse reflectance analysis. The conversion of the reflectance spectra into
Kubelka-Munk function F(R) is achieved with the equation:

K (1—-R)?

FR) =5 ="z

where R is the reflectance, K the absorption coefficient and S the scattering coefficient. Then, by
considering the Tauc plot,’ the following equation can be considered:

(2.22)

(F(R) x hv)" = A(hv — E,) (2.23)
where n equal 0.5 or 2 depending on the nature of the semiconductor (indirect or direct gap

material, respectively).

Finally, the bandgap energy E; of the semiconductor can be estimated by extrapolating the value
at the intersection of the tangent to the curve with the horizontal axis.
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CHAPTER 3

Bismuth-based Optical Materials:
from the Ion to the Host

Abstract Bismuth-based luminescent materials are widely investigated because of their
peculiar optical properties, even though many aspects are still under debate, as the impact
of the host on Bi ion optical activity. Hence, if, from one hand, many efforts are devoted
to the research of new bismuth-based luminescent materials, on the other hand, the
comprehension of the fundamental properties for bismuth ions luminescence is still an
active research area. In the first part of this chapter, an overview on the luminescent
properties of Bi*" and Bi*" ions is reported. Then, the use of bismuth-based compounds
as host for luminescent centers (such as lanthanide and transition metal ions) is introduced
and the main properties of bismuth oxide polymorphs are briefly reviewed.

3.1 An Overview on Bismuth Luminescence

In this section, the fundamental spectroscopic properties and an account on the literature of Bi*",
Bi** and Bi-based compounds luminescence are presented.

3.1.1 Bi*" ion: 6s* configuration

As previously introduced in Section 2.2, Bi*" ion belongs to the family of the ns” ions. A first
attempt to explain the absorption bands of ns-ions was provided by Seitz' on the basis of an ionic
model developed for the interpretation of TI" luminescence in alkali halides. The ground state
(GS) of the Bi** free ion is 'So (6s? configuration), while the excited configuration 6s6p gives rise
to a triplet state *Po, °P1, P2 and a singlet state 'P; in order of increasing energy. Transitions from
the ground state 'So to the excited states *P1, *P2 and 'P1 are usually denoted as A, B and C,
respectively (see Figure 3.1). The allowed electric dipole transition 'So — 'P1 (C-band) is the

highest in energy and is usually located in the VUV region. 'So — *P1 and 'So — 3P transitions
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(A and B-bands respectively) are spin forbidden; however, A-transition becomes allowed by spin-
orbit coupling between *P1 and 'P1. Finally, the transition from the GS to the lower energy excited
state *Po is strongly forbidden.

1
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Figure 3.1 Energy level diagram of Bi*" in Seitz model. Dashed arrows represent the forbidden transitions.

Even if this simple model has been successful in the interpretation of the excitation spectra, it
resulted inadequate to account for some peculiar behaviours such as the existence of two A-
emission bands or the increasing of the B-band with increasing temperature, as in the case of ns’
ion in alkali halides.” Both luminescent behaviours can be well explained by considering the
existence of multiple minima in the adiabatic potential energy surfaces of the relaxed excited state
induced by the Jahn-Teller effect.’*

The 3Po level is assumed to act as a metastable trapping state and the small energy difference
between *P1 and *Po, known as the trap depth, determines a strong temperature dependence of the
population ratio between the two states.*” This trap depth varies with the Stokes-shift values.
Blasse and van der Steen® proposed, as a rule of thumb, that “smaller the trap depth, larger the
Stokes-shift”. However, this effect is still not completely clear, and different interpretations based
on excitonic behaviour” or on coordination number® were proposed.

To give account for the very broad spectral range of Bi** emission (from UV to red), the off-center
position of Bi*" ' or the influence of the environment described by parameters such as the
covalency, site symmetry and coordination number should be considered.!' The strong influence
of the covalency on the excitation band position of ns” ions was demonstrated by Duffy et al.'* in
glasses. Setlur ef al.'* showed the strong dependence of the Bi** ion-ligand bonds on the !S¢p —
3P absorption transition in the case of garnets. Hence, as a result of the increasing covalency of
the bonds, a red-shift of the excitation band is expected in virtue of the nephelauxetic effect
(Figure 3.2a).
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Figure 3.2 (a) Schematic representation of the nephelauxetic effect on the Bi** excited state. Strong
nephelauxetic effect red-shift the excitation band. (b) Schematic effect of the stereoactivity of LPEs on the
energy level diagram: the stronger the stereoactivity, the larger the AQ shift and, consequently, the Stokes-
shift. Full line and dashed line parabola represent the excited state in the presence of weak and strong
stereoactivity, respectively.

As discussed in Section 2.2, ns’

ions are characterized by off-center positions due to the
stereochemically active lone pair electrons. In Figure 3.2b the effect of the stereoactivity of LPEs
on the excited states is depicted. A strong stereoactivity induces a large shift of the coordinates of
the minimum of the excited state with a consequent big Stokes-shift. In the same way, a low
symmetry site is expected to induce a larger Stokes-shift than a high symmetry one.

In order to predict the energy position of the A and C bands of Bi** doped compounds, Wang et
al. proposed an approach based on the dielectric theory of the chemical bond for complex
crystals'! which considers a modification of the model proposed for the nephelauxetic effect.'*

By defining an environmental factor h, expressed as:
1
he = ) [f(DaQM’T2 G.1)

which depends on the covalency f,, the bond volume polarizability @ and the charge Q (calculated
by means of refractive index and crystal structure of the host), they obtained the following
empirical relations for the energy of the A and C bands:

he
= 2. : — 3.2
E, =2.972 +6.206 exp( 0_551) (3.2)
Ec = 3.236 + 10.924 exp (— he ) (3.3)
0.644

Moreover, for the two bands it was also given that:

E¢ = 3.236 + 2.290(E, — 2.972)°8%, (3.4)
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Even if the accuracy in the estimation of the A-band is within £0.5 eV and for C-band is £0.6 eV,
these relations are a useful tool for the comprehension of the general trends.

In addition to the 6s*> — 6s'6p' interconfigurational transitions (A, B and C bands), other
luminescence peaks are also frequently observed in the spectra of Bi**-doped phosphors. The so
called D-band has a charge transfer character and it is due to the strong interaction of Bi** ion (in
general of all the ns ions) with the host lattice. Hence the D-level absorption can be depicted as
the transition from the Bi** ground state 'So to the bottom of the host conduction band and it is
described as a trapped exciton state'” or as a metal-to-metal charge-transfer state.'®

Boutinaud et al.'”'® deeply investigated the D-band, proposing two empirical equations for the
prediction of the D-state excitation energy (considered as MMCT state in the case of host metal
cations with d° or d'° configuration) for the 4-coordinated M™* metals:

Mn+
MMCT(Bi®*,cm™1) = 70000 — 52000 2:(M™7) (3.5)
dCOTT‘
whereas, for coordination numbers larger than 4,
, Mn+
MMCT(Bi3*, cm™1) = 55000 — 45500 XCN;“—(). (3.6)
corr

Xcn' (M™) is the electronegativity (considering the new scale reported by Li and Xue'”) for the
host cations M™* with coordination number CN’, and d,,,.. is the shortest distances between the
M™* site and the cation site available for Bi**, corrected to the anion relaxation effect by
considering the following formula:*

1
Aeorr = dpost + E [T(B13+) — r(host)], (3.7)

where r(Bi3*) and r(host) are the Bi*" ionic radius and the one of the host cation substituted by
Bi** ion, respectively.

As in the case of the empirical model developed by Wang et al.,'' the error in the estimation of
the D-state absorption position is reported to be a quite big value of +£0.37 eV. However, as
discussed in Chapter 7, this simple model is a useful tool to build the energy level diagram of
Bi**-activated materials and to discuss the host effect on the luminescence properties of Bi** ion.
In fact, in a simplified view, by considering only the 'So ground state of Bi**, the bottom of the
conduction band E and the P excited state of Bi**, three different situations are possible (as
depicted in Figure 3.3):

(a) MMCT energy smaller than A transition: in this situation, absorption and emission from
MMCT state is favoured but also A transition can be achieved by photoionization;

(b) MMCT and A transitions with the similar energies: in this case, both the MMCT and *P:
states should emit with strong temperature dependent ratio;

(c) MMCT energy larger than A transition: this situation promotes the *P; state absorption and
emission but also MMCT transitions are still possible.
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Figure 3.3 Different energy level configurations for Bi**-doped materials with MMCT state. The black
and grey up arrows represent the A and MMCT transitions, respectively. The dashed parabola represents
the MMCT state.

The potentialities expressed by Bi**-activated phosphors have led to deep investigations since
long time, aimed to the comprehension of the rules for Bi** luminescence. Hence, great efforts
were devoted to explore many different classes of hosts, such as phosphates,®?!* tungstates, >’

antimonates,®”*>! alkaline-earth sulphides’” and fluorides,* 34,35 22,36-41
13,43-49

borates, vanadates,
silicates*” and aluminates and gallates garnets.
Recently, Bi-activated vanadates has attracted much attention because of the possibility to fine
tune the color output in all the visible range.***’ In 2016, Kang et al.*’ reported the ability of the
(Y,Sc)(Nb,V)O4:Bi** phosphors to emit in the blue to red range (Figure 3.4 from ref. 40). It is
interesting to note that in this case, the color rendering is achieved by means of the bandgap
modulation because of the strong effect of the host on the Bi** performances: whereas the blue
emission in YNbO4:Bi is due to band-to-band transition (excited states of Bi*" are higher that the
bottom of the CB), yellow, orange and red emissions in YVOa4:Bi and ScVOa:Bi systems arise
from the localized Bi** excited states *Po,1. Moreover, it is noteworthy that the quantum yield of

the YVO:Bi system is in the range of 75-92%, depending on the excitation wavenumbers.”>*

a0 700
Wavelength (nm)

Figure 3.4 Normalized emission spectra of (Y1.,,S¢,)(Nbi.,, Vy)O4:Bi*" phosphors with digital photographs
during exposure to UV-C lamp (left) and CIE chromaticity diagram and coordinates (right). From ref. 40.
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However, even if some useful empirical rule was recently introduced, as previously discussed,' !
to date the interpretation of the luminescent absorption and emission bands of Bi**-activated
phosphors is still a complex matter, and a clear rationalization of the energy level behaviour of
Bi** respect to the different hosts is still a challenge.

Bi’" as sensitizer

In addition to the peculiar emissions showed by Bi*" in different hosts, nowadays Bi*" is one of
the most important sensitizer exploited to enhance the PL efficiency of different luminescent
centers. In particular, it is mainly used to take advantage of its higher absorption cross-section (for
example, with respect to the low absorption cross-section of the forbidden 4f transitions of
lanthanides). The studies reported in literature are mainly focused into the energy transfer
mechanisms between Bi** and trivalent lanthanide ions Ln** to enhance the emissions in the
visible range. The most used system consists in the Bi*"-Eu** pair,’*>* but also the sensitization
of other lanthanide ions was deeply investigated (i.e. Bi**-Sm?*,>"3%3¢ Bi**.Dy?* 303456 Bi3*.
Ho** >*°¢ Bi**-Tb**,>* Bi**-Yb*" *). The parameters described in Section 2.5.1 such as the critical

distance are usually investigated to optimize the process.

In Chapter 8, we propose the energy transfer between Bi** and Er’* in Y203 nanocrystal as an
effective way to enhance not only the emissions in the visible range, but also the telecom emission
of Er** at 1.5 um.

3.1.2 Bi*" ion: 6s’6p’ configuration

Bi** luminescence has been attributed to the 6p — 6p parity forbidden transitions between
different spin-orbit states in the 6s*6p' electronic configuration.”’ Spin-orbit coupling is
responsible for the *Pi» ground state and 2P3» excited state within the 6s’6p' electronic
configuration. Moreover, if the ion is in a low symmetry coordination site, the 2P3 state splits in
two energy levels 2P32(1) and ?P312(2), enabling the 2P12» — 2P3,2(1) excitation and the 2P32(2) —
2P12 emission (Figure 3.5).
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Figure 3.5 Energy level diagram of Bi*" in which the spin-orbit (SO) coupling splits the 6s%6p' and the
crystal field (CF) of a low symmetry coordination splits the *Ps/; term.
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Recently, the characteristic of Bi** to emit orange-red light upon excitation in the blue region of
the spectrum, attracted the interest of the scientific community with the aim to develop new white
illuminating devices charged by blue-LED.®’ The origin of this interesting emission color is due
to the strong increase of the spin-orbit coupling with the atomic number, resulting in p-p
transitions that fall in the visible-NIR region for heavy elements.

In 1994, it was assumed for the first time by Blasse et al.*” that Bi** is responsible for the red-
orange luminescence of Bi-doped SrB4O7. However, since more recent experiments revealed that
only very low concentration of Bi** can be stabilized,’' the difficulty in stabilizing partially filled
p-shell ions has led to limited investigations of intraconfigurational p-p transitions. Only few
classes of compounds have been demonstrated to be suitable to stabilize Bi*" such as alkaline-
earth-metal sulfates,’** borates,’”®**%7 phosphates®®’”> and borophosphates.”>’* As typical
examples of Bi**-activated phosphors, Figure 3.6 shows the schematic energy level diagrams
together with PLE and PL spectra of Bi*", as reported by Peng et al.*® for SrB4+O7:Bi*" and
SrBsO10:Bi*".

excitation emission
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<
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Figure 3.6 (A) Simplified energy level diagrams of SrB4O-:Bi*" and SrBs010:Bi*", with photographs of the
samples. (B) PLE and PL spectra of the systems. From ref. 65.

In Table 3.1, excitations and emission of Bi’"-activated phosphors divided by classes are
summarized.

From ab initio calculations, Seijo and Barandiaran’ estimated the excited state energies and the
relative absorption oscillator strengths of Bi** in fields with different symmetries, showing the
most favourable ones in terms of high absorption and large splitting of P32 level for red-shifted
2P3/2(2) — 2P1/2 emission. In particular, the authors have found that the splitting of P32 level is
driven not by the symmetry of the actual field, but by its tetragonal D, and orthorhombic D,
components together with the Bi displacements towards two or four oxygen ligands.

51



Table 3.1 Excitation and emission wavelengths of Bi*"-activated oxide phosphors with relative references.
(s1), (s2) and (s3) represents different lattice sites for Bi*" in the hosts.

Host Excitations (nm) Emission (nm) Ref.
2P1,—S12 2P1,—P32(2) 2Py ,—Pap(1) 2P35(1)—?P12
Sulfates
CaSO4 255 395 525 580 63
SrSO,4 255 452 575 610 62,63
BaSO, 260 452 592 627 62,63
Borates
SrB4O; 245 478 578 588 59,65
SrBeO1o 286 380 560 660 65
BaBgO13 - 420 (s1) - 368 (s2) - 406 - 586 (s1) - 617 (s2) - 670 67
(s3) (s3)
o-BaB4O; - 390 - 671 67
Ba;B 9017 - 503 (s1) - 460 (s2) - 612 (s1) - 663 (s2) 67
Phosphates
CaP,07 281 470 608 653 68
SrP,07 261 (s1) - 265 428 (s1) - 446 (s2) 628 (s1) - 648 667 (s1) - 700 (s2) 69
(s2) (s2)
Ba;P,07 286 384 618 716 68
SrP4013 250 445 605 658 72
Ba;P4O13 278 435 620 686 72
Borophosphates
CaBPOs 231 416 582 630 74
SrBPOs 234 413 616 641 74
BaBPO:s 267 430 619 641 74
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A peculiar behaviour was reported for Bi*" in Sr2P207 by Li et al.,”' showing how an unusual high
concentration of Bi?" in this host induced an antithermal quenching process with a consequent
increase of the quenching temperature.

In addition to the hosts reported in Table 3.1, Cao et al.’® assigned yellow-to-orange emissions at
550 nm and 600 nm of Bi-activated CaF2 and SrF2 to Bi**; however, no absorption to P32(1) and
2P3;2(2) was detected. Moreover, recently Qin ef al.”’ showed that the stabilization of Bi** in
SrSnO3 brings to an emission feature peaked in the NIR region at 808 nm, with excitation bands
at 298, 528 and 700 nm.

In this contest, the stabilization of Bi** in perovskite CaSnQ3 is presented and discussed in
Chapter. 7.

Finally, it is important to mention that, bismuth-activated luminescent materials have also shown
other signals with different origin such as Bi" near-infrared emissions,”®®° cluster-related
emissions, dimers, trimers and bismuth polycations centers.**” The properties of such kind of
luminescent centers are over the scope of this thesis and are reviewed in ref. 91.

3.1.3 Luminescent Bi-based compounds

Besides the luminescence of Bi ions introduced in the host phosphors as activators, Blasse et
al.'*92% investigated also the luminescence of Bi-based compounds. The most famous
luminescent Bi-based compound is BisGe3O12 (BGE), one of the most important scintillator
materials. This compound is characterized by a large Stokes-shift, with a broad emission band
centred at about 490 nm and a UV excitation band with a maximum at about 290 nm, linked to
the presence of Bi*".”* The excitation and emission bands of the Bi-based compounds are typically
located in the UV and visible range, respectively, but most do not emit light at room temperature
because of concentration quenching effects. Other compounds showing PL emission from Bi**
are reviewed by Barros ef al.,” including compounds such as Bi2Al4Oo, Bi2GasQOo, B12TiO20 and
BixWOs. Recently, Olchowka et al.”® reported a detailed investigation on the luminescence of
Sillen X1 series of AB102X (A=Cd, Ca, Sr, Ba, Pb; X=CIl, Br, 1) compounds, showing a
noteworthy color tunability moving from blue (BiSrO2Cl) to green-yellow (BiBaO:2Br).

3.2 Bismuth-based Oxides as Host for Optical Materials

In the last years, bismuth-based oxide materials have attracted great attention because of their
promising properties for a wide range of applications such as photocatalysts,’
ferroelectrics,””!%’ fuel cells'’! and multiferroics.'>!%*

The narrow bandgap of bismuth-based oxides compounds prompts the research on this
compounds to widen the spectral region accessible for photocatalysis in the visible range, and
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many materials were proposed, ranging from bismuth titanates'®” (e.g. Bi2Ti2O7, BisTi3012,
Bi12TiO20) and silicates' """ (e.g. Bi2SiOs, BisSi3012) to oxyhalides'” (general formula BixOyA.
with A=F, Cl, Br, I) or vanadate.'””"''” Notably, in recent years, the superior properties of BiVOa
has been exploited to develop photoanodes for water splitting.'! -3

The interest in these materials is driven not only by their low toxicity and costs, but also by the
peculiar properties arising from the electronic structure of Bi**. 6s? lone pairs of electrons (LPEs)
characterizing Bi*" can determine non-centrosymmetric crystal structures due to the asymmetric
coordination, with consequent interesting properties such as piezoelectricity, second harmonic
generation (SHG), pyro- and ferroelectricity.

Walsh et al. demonstrated that in Bi2X3 series (X=0, S, Se, Te), Bi2O3 and Bi2Ss display lone pair
distortion, while BiSe3 and BizTe3 do not.''* They demonstrated''” that this trend originates from
anion-cation interactions where: (i) s> electrons of the cation (e.g. Bi**) and p-orbitals of the anion
(e.g. O%) interact, forming bonding and anti-bonding orbitals (they are not chemically inert) and
(i1) the lone pair asymmetric electron density is induced by the stabilization of the nominally
empty cation p-states (Bi**: 6s?6p°), that interact with the anti-bonding orbitals.''>''°

From the optical point of view, it is clear that this asymmetric electron density can have a
significant role on the optical response of the materials, also inducing some unexpected
behaviours. In particular, a LPE-induced off-centric displacement of a luminescent center can
have strong influence on its emission properties. Hence, the use of bismuth oxide-based materials
as host for luminescent centers appears as an attractive topic.

Lira et al.''"'"? investigated the optical properties of Er’*-doped BisSi3O12 crystal for optical
amplification and laser, while Dy: Bi4Si3012 crystal displays promising properties as yellow
phosphor for LED application'?’ and Dy**-Eu** codoping gives perspectives for white light
emission devices.'?! Moreover, BisTi3012 was exploited as a host for upconverting films'*?
nanoparticles.'*

and

In addition to the aforementioned features, another relevant aspect of bismuth-based compounds
is the high refractive index. In fact, the refractive index, expressed in term of “local field
correction” Ej,./E,, is directly connected to the probabilities of radiative transitions, and for an
electric dipole allowed transition it is given that:'*

1 4nwd (Eppe\’
- 3?( lOC) 2 (3.8)
4ty 3hcy \ Ey

where the local field correction can be approximated as

E. _ n? + 2 (3.9)
E, 3

Thus, the spontaneous emission probability increases with the refractive index n.
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Bi>O3 polymorphs

It is well known that the impact of the crystal structure on the optical properties of the materials
could be very strong. Even if the effect is more effective in the case of transition metal or ns* ions
(as described in Chapter 2), also the performance of lanthanide ions can be strongly affected by
crystalline structure in some particular process such as upconversion. A very famous example
regards the strong enhancement of upconversion efficiency in NaYFs induced by the phase
transition from cubic to hexagonal phase.'”"'?” Recently, Wisser et al.'*® showed the effect of the
crystal field also by codoping, with an effective on the UC quantum yield of the system.

In this context, by considering the idea to develop bismuth oxide-based phosphors, the

polymorphic nature of bismuth oxide can be used to modify and control the optical response of
the material.

Bismuth oxide (Bi203) displays a complex polymorphism existing in six different structures: a,
B, 9, v, € and o phases. The monoclinic a-Bi203 and cubic 6-Bi203 phases are stable at room and
at high temperatures (approximately between 730 °C and 825 °C), respectively.'?’ The metastable
tetragonal and body-centered cubic phases (B and vy, respectively) are stabilized during the cooling
of 0-B1203. More recently, an orthorhombic €-Bi1203 and a triclinic ®-Bi203 phases were stabilized
in specific conditions."*’ Figure 3.7 summarizes the complex temperature dependence
stabilization of the different polymorphs.'*°
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Figure 3.7 Temperature dependence of the stable and metastable polymorphs of Bi»Os. From ref. 130.
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The unique ionic conductivity properties of the cubic 6-phase has led to a deeply investigation on
the relation between the ionic properties and the crystalline structure. 5-Bi20O3 consists in a fluorite
based structure characterized by an oxygen sublattice with a high fraction of vacancies. Figure 3.8

shows the ideal fluoride structure of the cubic 8-Bi203 and the possible arrays of vacant sites along
different directions. This high content of defects and the promotion of extensive anion disorder

induced by the asymmetric electron density around the Bi** ions are at the basis of the high ion
131

conductivity of 6-Bi203.

Figure 3.8 Schematic representation of the ideal cubic fluoride structure (a) and the vacancy pairs along
the <100>, <110> and <111> directions (b, ¢ and d respectively). (e) Lone pair of electrons characteristic
of bismuth oxide compound. From ref. 132.

The main drawback of the d phase is its stability only above ca. 730 °C. Hence, many efforts have
been devoted to the stabilization of the & phase at room temperature, with remarkable results by
partially replacing bismuth ions with rare-earth elements such as Er, Dy, Yb and Y.'*!?

Concerning the anion vacancies of pure 6-Bi203, three main models were proposed:

1. Sillen model:'* this model consists in a simple cubic fluorite structure with the 25%
oxygen vacancies ordered along the <111> direction;

2. Gattow model:"** Gattow and Schroder modifies the Sillen model considering the intrinsic
vacancies spread over all possible 8c anion sites (assumption of no ordering within oxygen
sub-lattice), with a consequent 75% oxygen occupancy at each 8c site;

3. Willis model:'*° this model was originally proposed for CaF2 phase and, later, was
considered for 8-Bi203; in this case, the occupancy of an additional position (32f) respect
to the 8c is considered.
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Figure 3.9 displays a schematic representation of the three models.
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Figure 3.9 Schematic representation of the three models for 6-Bi»Os: (a) Sillen model, (b) Gattow model
and (c) Willis model.

It is worth underlining how, even if the unique ionic conductivity properties of the 6 phase has
led to a deep study on the phase stabilization, there is still a large debate on the nature of its
crystalline structure, since it is not fully understood.'*
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CHAPTER 4

Bismuth Oxide-based UCNPs: Tuning the
Upconversion Emission by Bandgap Engineering

Abstract In the field of novel applications involving upconverting processes, the
determination of new strategies for realizing emission-tunable nanomaterials is a
challenge. Here we present the design of Y** and Er** codoped bismuth oxide-based
upconverting nanoparticles where the active role of the matrix allows for the emission
selectivity with chromaticity control. We demonstrate that the possibility to manipulate
the bandgap of the bismuth oxide-based host in a range of 0.65 eV consequently leads to
an upconversion color emission tunability across a range going from red to yellow-
greenish. The resulting fine control of the nanoparticle chromaticity through accurate host
bandgap engineering determines a new concept for the development of a new generation
of upconverting nanophosphors. Finally, we discuss the effect of Yb** content on the UC
properties of Yb**-Er*" codoped Bi203 nanoparticles and we show the great potentialities
of Bi203:Yb** Ho’" and Bi203:Yb*, Tm*" systems for application like multiplex
encoding.
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4.1 Introduction

Recently, an increasing interest has been focused on the development of lanthanide (Ln) ion doped
unpconverting nanoparticles (UCNPs) for application in the fields of biological imaging and
multiplexed assays,'” photovoltaic technologies,® optical nanothermometers’!' and anti-
counterfeiting.'>!> To date, the big impulse in the development of nanophosphors with precise
color emission control has led to a wide variety of strategies for UCNP design, like antenna
effects,'® convenient fluorescence resonance energy transfer (FRET) pathways,'” cross-relaxation
processes, %Y 2021 energy migration-mediated processes,’”>* or by means of
more complex architectures like core-shell structures with finely controlled ion doping®* or local

size/surface effects,

structure engineering of the host.”

Since Ln doped NPs usually exhibit multipeak emission spectra, the challenge is the achievement
of UC emission color fine-tuning over a broad spectral range, as well as single-band UC emission
with selected chromaticity. Regarding the latter issue, the high red-to-green (R/G) emission ratio
observed in fluoride UCNPs doped with Yb** and Er*" has brought to single-band red emitting
UC nanophosphors targeted for bioimaging applications.’®?” However the search for color output
control in UCNPs can not disregard from the study of novel host materials and their manipulation,
depending from the host nature and the luminescent dopant concentration.

In the last years, bismuth-based oxide materials have attracted great attention because of their low
toxicity,”>” low cost and promising properties for a wide range of applications like
photocatalysts,”*" ferroelectrics,’'** fuel cells,” multiferroics,***>*° gas sensing,’’ topological
insulators®®*” and in the medicine field.”® The wide bandgap tunability of bismuth-based materials
was exploited for electronic and energy applications,’”*° but for the best of our knowledge, there
is no literature about the use of this property to manipulate the color emission in UCNPs. In this
regard, the main limit to the use of bismuth oxide as host for lanthanide ions is its narrow bandgap,
which falls in the visible range (2.3-3 eV). However, the anti-Stokes nature of the upconversion
process, consisting in the conversion of two low-energy photons into a single photon at higher
energy, allows to overcome such a problem.

In this first part of the Chapter, we propose the possibility to control the UC color emission
tunability by the bandgap engineering of the bismuth oxide via ion doping. To this purpose, Y**
and Er’** ions were chosen as electronic structure modifier and probe for upconversion processes,
respectively. Combining a theoretical and experimental approach, we focused on the assessment
of the ion doped Bi203 electronic configuration, as it represents the key point for UC
nanophosphor design. We observed a clear correlation between the progressive opening of the
host bandgap, as the Y content is increased, and the resulting Er** UC emission color,
characterized by a wide-range tunable chromaticity output, ranging from red to yellow-greenish.

In the final section, we turn our attention on the possibility to realize efficient Bi2O3 based UCNPs
by Yb*", Ln*" (Ln*" = Er**, Ho®", Tm*") codoping, where Yb plays the dual role of UC sensitizer,
in virtue of the large absorption cross section characterizing its *F72 — *Fs transition at around
980 nm, and of structural modifier, as Y ion in the case of Y**, Er** codoped Bi2O3 NPs. In this
regards, the latter aspect was addressed for the Yb-Er system, where a series of samples with
different Yb content was realized.
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In perspectives, the results of this research may be extended by considering either further dopants
as modifier of the Bi2O3 band structure or different lanthanide ions as UC PL emitters, as well as
other Bi-based oxide hosts.

4.2 Sample Preparation

Materials. Bi(NO3)3-5H20 (99.99%, Sigma-Aldrich), Y(NO3)3-6H20 (99.9%, Sigma-Aldrich),
Er(NO3)3-5H20 (99.9%, Sigma-Aldrich), citric acid (99%, Carlo Erba), ethylene glycol (99.5%,
Acros Organics), and HNO3 60% (Sigma-Aldrich) were used for the preparation of the samples
without further purification.

Synthesis. A series of samples made of Bi2O3 nanoparticles doped with x at.% of Y (x=0, 4, 7,
10, 12, 15, 20, 30, 40) and 2 at.% of Er, respectively, were prepared by a modified Pechini-type
sol-gel process.*” In a typical synthesis, citric acid, ethylene glycol and the dopant salts are mixed
following the reaction:

xBi(N0O3)5 + yY(NO3); + zEr(N0O3)5 + HOC(COOH)(CH,COOH),

HNO3,H,0
+HOCH,CH,0H — Bi,05: Y, ET,

where the molar proportions between the salts (x:y:z) were chosen according to the stoichiometry
of Bi203 and the desired dopant concentration. The molar ratio between the salts, the citric acid,
and the ethylene glycol was maintained in proportions of 1:3:4.5. The reaction was kept at 120°C
for about 12 h and the final samples were obtained after calcination of the products in a muffle
kiln at 750 °C in air for 2 h. This temperature was chosen considering the 815 °C melting point
of bismuth oxide. The samples were labeled as YxEr2, with x=0, 4, 7, 10, 12, 15, 20, 30, 40,
corresponding to the Y atomic percentage.

Moreover, with the same synthetic procedure, a series of Yb**, Er’* codoped samples labeled as
YbxEr2, with x=0, 4, 7, 10, 25, 20 corresponding to the atomic percentage of Yb were synthesized
and, with the aim to compare the typical UC systems, a sample codoped with Yb, Ho (10 at.% of
Yb and 1 at.% of Ho) and one with Yb, Tm (10 at.% of Yb and 0.2 at.% of Tm) were prepared.

4.3 Y3*,Er’** codoped Bi»O3 UCNPs

4.3.1 Structural and morphological analysis

Figure 4.1a shows the structural evolution of the system from the tetragonal B-Bi2O3 phase
(ICSD#41764) to the cubic §-Bi2O3 phase (ICSD#98144) at the increasing of Y** content. The
cell parameters were estimated from Rietveld analysis and the cell volumes of B-phase were
divided by two to consider the same number of unit formula and then to compare the volume
values of both the phases. The results of the Rietveld refinement method are shown in Table 4.1
and the fit of the Y4Er2 and Y30Er2 samples are displayed in Figure 4.1c and d.
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Figure 4.1 (a) XRPD patterns of the synthesized Bi,Os-based nanoparticles, with different Y content; in
the right panel, zoom of the 27.3-29° region. (b) Trend of phase cell volume versus overall doping content
(0-40 at.% of Y; 2 at.% of Er); the triangles corresponds to the data from the literature. Rietveld refinement
fit performed on the samples Y4Er2 (c) and Y30Er2 (d).

Table 4.1. Summary of the parameters obtained from Rietveld refinement of the samples.

Sample Cubic phase Tetragonal phase

a Vcell wt% a C Vcell/ 2 wt% Rp pr GOF
YOEr2 - - - 7.748 5.639 169.25883 100 891 11.78 1.59
Y4Er2 - - - 7.7684 5.65315 170.57852 100 8.11 10.25 1.45

Y7Er2 5.53403 169.48237 44.82 7.77896 5.63469 170.48354 55.18 837 11.05 1.60
Y10Er2 5.52848 168.97278 84.19 7.77605 5.63315 170.30976 15.81 734 9.40 1.38
Y12Er2 5.52534 168.68512 86.98 7.77903  5.6299 17034194 13.02 696 8.94 1.30

Y15Er2 5.51516 167.75429 96.75 7.779 5.63 170.34365 325 7.13 9.24 1.39
Y20Er2 5.5008 166.44761 100 - - - - 7.07  9.09 1.31
Y30Er2 5467 163.39812 100 - - - - 6.64 8.77 1.41
Y40Er2 5.45 161.87863 100 - - - - 8.05 11.66 1.84

GOF= goodness of fit

As plotted in Figure 4.1b, for B-phase, after a slight increase up to 4% of Y**, the cell volume

remains constant while for 5-phase an evident decrease in the cell volume as the Y content rises
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is noticed. This contraction for the & phase is due to the difference in the cationic radius of Y**
(1.019 A) respect to Bi** (1.17 A) and it is in good agreement with the value reported in literature
(the triangles in Figure 4.1b correspond to the ICSD numbers 52732, 182303, 182305 and
182306).

Concerning the sublattice of the bismuth atoms, it must be pointed out that the structural change
from the tetragonal phase (P421c space group) to the cubic phase (Fm3m space group) is a
smooth transition consisting in a very small contraction of the ¢ cell-edge and small variation of
the Bi/Y atom positions (see the atoms positions reported in Figure 4.2).
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Figure 4.2 (a) 3D plot and projections along the xy, xz and yz plans of the bismuth (Y) sublattice in the
cubic §-Bix0; cell (green spheres) respect to that one resulting by considering the tetragonal phase with a
small contraction of the ¢ cell-edge (red spheres). (b) Rietveld refinement fit performed on the sample
Y20Er2 with the two phases. Inset shows very small peaks due to the oxygen in tetragonal phase.
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As an evidence of the possibility to consider the cubic phase as a distorted tetragonal phase (with
a very small contraction of ¢ cell-edge) the perfect match of the fit of the XRPD pattern of Y20Er2
sample performed in the two situations are presented in Figure 4.2b. In fact, the fit of the XRPD
spectrum of sample Y20Er2 (cubic phase), can be performed considering a cubic cell (space group
Fm3m) with a=5.5008. However, the same spectrum can be obtained by fitting with a tetragonal
cell (space group P421c) with a=7.7800 and ¢=5.5003, refining the atomic position with very
small variations. In the inset, oxygen related peaks in the tetragonal phases are evidenced,
however, the intensity is so small to be within the error and the present analyses are not able to
distinguish between the two fit.

FE-SEM images and EDS analysis reported in Figures 4.3a,b and c, respectively, concern Y 10Er2
sample. The NPs appear as homogeneous in size, in the range of about 40-50 nm. This observation
agrees with the results of the Scherrer analysis, performed on the different samples, which clearly
suggests the independence of the average crystallite size from the Y content (see Figure 4.3d).
The composition of the samples were checked by EDS analysis, confirming the relative Bi:Y:Er
ratios, in agreement with the chemical formula (Bio.os-xYxEr0.02)203, with x=0, 0.04, 0.07, 0.10,
0.12, 0.15, 0.20, 0.30 and 0.40.
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Figure 4.3 (a,b) FE-SEM images and (c) EDS spectrum of the Y10Er2 sample. (d) Average crystallite
size estimated by Scherrer analysis as a function of the Y content.

4.3.2 Bandgap engineering

As far as the electronic structure of bismuth oxide concerns, DFT calculations of the DOS for the
different polymorphs reveal that the conduction band consists mainly of Bi 6p states,*"*> while
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the valence band is mainly due to O 2p ones. Moreover, metal and non-metal doping may strongly
affect the CB and VB edges because of the covalent character of the Bi-O bonding with a
consequent big impact in the energy gap of the materials.

Optical diffuse reflectance (R) measurements were performed to obtain information about the
optical bandgap from the powder samples. The bandgap was estimated from the Tauc plot*’ of
the Kubelka-Munk function F(R),** considering the direct bandgap semiconductor nature of both
the p and §-Bi203 phases.*>***! From the plot of (F(R)-hv)? versus the energy hv, the bandgap
energy Eg is estimated by extrapolating the intercept of the fitted straight line at /(R)=0. In Figure
4.4a, we observed a blue shift of the absorption edge of the samples from 2.34 eV up to 2.99 eV
as the Y** content increases. As evidenced in Figure 4.4b, the observed trend clearly indicates the
possibility of a direct control of the host optical bandgap by adjusting the Y** ion doping level,
with a consequent tuning in an energy range of 0.65 eV. In this regard, on the other hand, the color
of the powder samples turns from yellow-orangish to pale yellow by increasing the Y content
(Figure 4.4c¢).
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Figure 4.4. (a) Tauc plot of the Kubelka-Munk function F(R) for the synthesized samples, (b) trend of
optical bandgap values versus Y content and (c) pictures of the powder samples.

4.3.3 UC luminescence analysis

The spectrum shown in Figure 4.5a is a typical UC PL spectrum under 980 nm excitation
characterizing the Y, Er codoped samples object of this study. The most intense signal comes
from the Er’* *Fon—*1i5» transition, that will be labeled as RED emission in the following,
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whereas in the zoom boxes other two remarkable features are evidenced therein: the GRN labeled
emission in the green part of the visible spectrum, due to the Er’* *S3n—*1is5» and 2Hi12—*1152
transitions, and the NIR labeled one at the edge between the visible and the near-IR region, due
to the Er** *lop—*1152 transition. For each of the three emissions, the behavior of the PL intensity
as a function of the Y content integrated over the whole wavelength range is reported in Figure
4.5b, where each trend is normalized for the signal related to the Y12Er2 sample; the reason of
this normalization will be clarified in the following.

About the dynamics characterizing the observed UC PL emission features, Figure 4.5¢ reports the
time decay curves for the three emissions (labeled as GRN, RED and NIR, respectively) obtained
for the Y12Er2 sample under 980 nm pumping. Furthermore, in Figure 4.5d it is possible to
appreciate the general trends of the time constant characterizing the UC PL decay of each emission
as a function of the Y content, obtained by single-exponential fit procedure; the values obtained
are in the order of hundreds of microseconds.
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Figure 4.5 (a) UC PL emission spectrum of Y 12Er2 sample under 980 nm laser diode exposure. (b) Trend
of the integrated PL intensity for the GRN, RED and NIR transitions versus Y content. (¢) UC PL decay
curves collected at wavelengths corresponding to GRN, RED and NIR emission for the Y12Er2 sample,
with decay time constant estimates obtained by single-exponential fit procedure. (d) Trend of UC PL decay
time constant estimates versus Y content.
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Chapter 4 - Bismuth Oxide-based UCNPs

In regard of the UC process order, the power dependence of UC luminescence intensity for the
three transitions was also analyzed (see Figure 4.6). The number n of pump photons required to
excite the emitting states was estimated from the slope of the plot of the luminescence intensity
versus the pump power, in double-logarithmic representation. In the considered pumping power
range, the measured slopes are close to 2 for all the analyzed PL emissions, suggesting a two-step
UC process for the population of the excited levels, as expected from the literature.*’
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Figure 4.6. Double-log-plot of the integrated UC PL intensity of the GRN, RED and NIR emissions versus
pumping power density of the 980 nm laser diode excitation source and the corresponding order (n) of the
UC process.

As a first comment to the observed UC PL behavior, Figure 4.5b shows that by increasing the Y
content up to a doping level of 10-12 at.% the intensity of each emissive features reaches a
maximum, although among these a different trend can be noticed. Then, a general reduction
characterizes all UC PL signals by further incorporation of Y*" ions.

To give account for this downward trend at high Y doping regime, it is firstly pointed out that the
invariance of the estimated time decays reported in Figure 4.5d suggests that the Er** population
is characterized by a constant luminescence yield, since it is determined by the relative rate
between the dynamics of radiative and non-radiative relaxation processes. On the other hand, the
spectra of the Kubelka-Munk function reported in Figure 4.7 show a general decrease as the Y
content is raised for the absorptive features linked to the characteristic Er** ground state absorption
processes. The zoom shown for the region around 980 nm gives account of this in regard to the
Er** *1isp—*1112 transition, which is primarily involved when operating in UC mode. Hence the
reason of the progressive PL reduction trend can be attributed to a weakening of the absorption
process that triggers the overall UC mechanism rather than a general loss in the Er** luminescence
quantum efficiency.
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Figure 4.7 Kubelka-Munk function F(R) spectra for the synthesized samples; the curves were shifted by a
fixed offset and the signals can be compared in intensity; the labelled absorptive features are referred to
Er’* ground-to-excited state transitions.

The evidences emerging from Figure 4.7 nonetheless seem in contrast with the strong reduction
of UC PL signals at low Y doping regime, as shown in Figure 4.5b. In this context, it is worth
paying attention to a further relevant feature, that determines a peculiar behavior from the point
of view of the light emission properties for the UC PL signals at low Y doping regime.

The normalization adopted in Figure 4.5b allows to appreciate that the GRN emission intensity
remains depressed for Y doping level below 12 at.% with respect to both RED and NIR ones,
whose trends well overlap over the whole Y content range here considered. Since Figure 4.5d
shows that for all three transitions the time decay constant estimates follow the same trend over
the whole Y content range here considered. Since Figure 4.5d shows that for all three transitions
the time decay constant estimates follow the same trend over the whole Y content range, a possible
GRN PL weakening effect owed to a related quantum efficiency reduction seems to play at least
a minor role.

Therefore, to motivate the observed behavior we must take into account the overall process that
leads to the activation of the Er** UC PL emissions. In the following discussion, we refer to the
energy level diagrams depicted in Scheme 4.1.

As shown in the left side of the scheme, the 980 nm pumping source firstly promotes *I1s2—*111.2
transition by direct Er’" ground state absorption (GSA) or by energy transfer (ET) from a nearby
ion. For the subsequent step, to define the higher-lying energy level transitions involved and the
consequent radiative relaxations promoted via UC excitation, here we consider the crossroads
between two competitive main mechanisms, labeled as (I) and (IT) in Scheme 1.

Under 980 nm radiation, mechanism (I) is linked to the prompt activation of *I112—*F7 transition
by Er’" excited state absorption (ESA) or nearby ion-mediated energy transfer upconversion
(ETU) processes. Since the photon energy of this transition is usually twice that of the pumping
source, the related spectral feature falls in the blue region of the e.m. spectrum, with a peak
wavelength around 490 nm. Following non-radiative multiphonon relaxations lead to downward
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Chapter 4 - Bismuth Oxide-based UCNPs

transitions to the lower energy levels from which the observed GRN, RED, NIR emissions
originate.

Scheme 4.1. Scheme of the energy level diagram representing the proposed mechanisms for the
generation of the different UC emissions showed by the doped Bi,O3; NPs.

L = 41'"..,., —:—4F...
i i e L
= H, .
g § 15“
1 [~ __‘;_ Fst-':
M -l L
4 H | 4 | w32
a ne 1112 |
* ¥ + 4
3 152 3 3 152 3 3 152
Y 2 5 4 2 = Er™ Er'
11 | n
P
-II ‘ 4] ET L_' - qu-\ = “Fq”
T + T L ; - A P -
EI'3 Er 3 I{ 1!:_-1
% 1 ; i 112 »
L il
a |
4 i | i
1572 ot 5y 152 2+ 3y 152
Er Er Er Er

Mechanism (II) is triggered by an early step in which a relaxation to the *I132 excited state firstly
occurs. Then some 980 nm pump photons are conveyed into ESA or ETU mediated *1132—*Fo
absorption. It is worth stressing that from the *Fo.2 level only the transition responsible for the
RED emission and, after phonon assisted relaxation to the *Io level, the NIR one can take place,
whereas an energy shortfall remains for the generation of the GRN emission. This is the crucial
point: the reduced intensity of the GRN emission with respect to both the RED and NIR ones has
to be caused by a relatively lower efficiency of mechanism (I) with respect to (IT) with Y doping
level below 12 at.%.

To give account for this claim, we have to consider the results of the optical bandgap estimation
presented in Figure 4.4. For Y content ranging up to 10 at.%, the band-to-band energy gap
estimation for the doped Bi203 host is always below 2.6 eV. This photon energy corresponds to a
wavelength of about 480 nm, a value that well matches the transition from Er*" ground to *F7
excited states (and viceversa). Then we hypothesize that, at low Y doping regime, an Er ion
promoted to the *F72 excited state through mechanism (I) can relax even through a process based
on excitation migration towards the embedding matrix, being this energetically allowed by the
relatively narrow energy gap. This alternative, host-mediated path is competitive with all *F7,» de-
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excitation mechanisms and determines the weakening or even the complete suppression for the
radiative emissions occurring from the energy levels below.

On the other hand, irrespective of the Y content, mechanism (II) must be unaffected by the host-
mediated “F72 depletion path, since the Er*" excited levels involved by, and the related transition
to the ground state, can not supply the energy to bridge the matrix band gap. In fact, the *lon—*11522
transition determines an energetic jump of about 1.9 eV, even far below the energy gap of the
undoped Bi203 matrix.

4.3.4 VRBE diagram and UC color output

To gain more insight into the proposed scenario, the vacuum referred binding energy (VRBE)
diagram was considered to figure out the relative position of the Er*" energy levels respect to the
host conduction (CB) and valence (VB) bands. Dorenbos proposed a general method, the chemical
shift model,**~’ to construct the VRBE diagram via lanthanide spectroscopy based on three main
parameters: (i) the Coulomb repulsion energy U(6,4); (ii) the vacuum referred binding energy of
an electron in the 4f” ground state of Eu?" in the chemical environment 4, Ear (7, 2+, 4), defined
as

18.05 - U(6,4)

Eyr(7,24, A) = —24.92
4 (7,24, 4) + 0777 = 0.03530(6,4)

where -24.92 eV is the VRBE for the free ion; (iii) the charge transfer E€7(6, 3+, A) from the
valence band to the Eu** ion. Hence, the energy at the top of the valence band E(4) can be defined
as Ev(A)=Ea(7, 2+, A)-E“1(6, 3+, A), then the energy at the bottom of the conduction band as
Ec(A)y=Ev(A)+E¢(A), where Eg(A) is the bandgap energy of the material. Considering the energy
of the Eu**-O? charge transfer band (CTB) in Bi203 reported by Dutta,' the bandgap energy E,
estimated by the diffuse reflectance analysis and a value of 6.8 eV for the U(6,4), the VRBE
diagram of Ln ions in Bi20O3 was realized (see Figure 4.8).

It is important to point out that the Er’" ion energy levels involved in the UC processes, and in
particular the “F72 excited state, lie below the CB edge of the Bi2O3 (see Figure 4.8b). Moreover,
it is clear that through progressive Y ion incorporation, the system ideally evolves from Bi20s to
Y20s3. The data reported by Dorenbos for the VRBE of Y203 was used,’” demonstrating a slightly
decrease of the VB energy and a significant increase in the CB energy moving from bismuth to
yttrium oxides (Figure 4.8a). These data are consistent with the fact that in the oxides, and in
particular in M203 oxides, the VB is mainly formed by O 2p orbitals while the bottom of the CB
is composed of M states. Hence, the analysis of the VRBE diagram strongly supports the
occurrence of an excitation migration process through an energy transfer involving Er*" excited
states and the host band-to-band transitions, instead of a direct injection of the electron in the
conduction band of the matrix.
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Concerning the color rendering of the light output from the doped NPs, the remarkable result is
that the Y content can directly influence the relative intensity ratio between the observed
emissions, with possible variation of the chromaticity as determined by the convolution of the
different radiative transitions, in particular the GRN and the RED ones. In this regards, the graph
in Figure 4.9 reports the trend of the GRN/RED emission intensity ratio, which shows a
progressive increase as the Y content scales up to 12 at.%. This determines a consequent color
emission tuning from red to orange and then to yellow-greenish, as can be appreciated from the
pictures within the graph, related to three specific Y doped samples under 980 nm LED exposure.

In addition to the perspectives opened by the resulting great selectivity of the UC color emission,
it is worth considering the suitability for bioimaging of UC nanophosphors deprived of any green
component. In fact, at low Y content, Bi2O3 NPs are characterized by prominent RED and NIR
emissions that both fall in the typical biological optical windows. Moreover, the weakness of the
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GRN emission limits the drawback represented by the production of background radiation,
responsible of the reduction of the signal-to-noise-ratio.
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Figure 4.9 Trend of the GRN/RED UC PL emission ratio versus Y content, and schematic representation
of the main mechanism responsible for the observed color tenability; digital camera images of the Y4Er2,
Y10Er2 and Y12Er2 samples under 980 nm laser diode exposure are reported within the graph.

Figure 4.9 includes also a sketch for suggesting how the Er** 4f state configuration and the
variation of the energy gap as depending on the Y content can determine the NPs radiative
emission behavior. In this context, this study has demonstrated the possibility of an effective
manipulation of the optical properties for a new class of UCNPs, by acting on the host band
structure. The observed Bi2O3 bandgap engineering, with proper control of the resulting host
energy gap, represents an effective method for achieving the chromatic selectivity of the UC
emission.

Finally, it can be pointed out that the different nature of the VB (mainly composed by O 2p orbital)
respect to the CB (due to the outer electron shells of the metal M) of the oxide materials leads to
predict a similar behavior for Bi2O3 doped with other trivalent cations (e.g., La**, Gd**, Yb*",
Lu*", S¢*, In*").

4.4 Yb**, Ln*" (Ln=Er, Ho, Tm) codoped Bi»O3 UCNPs

4.4.1 Structure and optical bandgap analysis

Figure 4.10 shows the XRPD patterns of the YbxEr2 series. As for the YXEr2 samples reported

in Section 4.3, the same structural evolution from the tetragonal B-Bi2O3 phase (ICSD#41764) to

the cubic §-Bi203 phase (ICSD#98144) at the increasing of Yb** content is achieved. This is in
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agreement with the expected behavior due to the similar radii of Y>* (1.019 A) and Yb** (0.985
A). Moreover, as can be appreciated from SEM image of Yb10Er2 sample in Figure 4.10b, also
the Yb-Er codoped NPs are generally characterized by an average size of 45+5 nm.
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Figure 4.10 (a) XRPD patterns of the YbxEr2 samples and (b) SEM image of Yb10Er2 sample.

As in the case of Y-Er codoped samples, by considering the direct bandgap nature of both the
crystalline phases and by means of the Kubelka-Munk function and the Tauc plot, from diffuse
reflectance spectral analysis the optical bandgap of the samples was extrapolated from the graph
of Figure 4.11a and plotted as a function of the Yb*" content (Figure 4.11b).
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Figure 4.11 (a) Tauc plot of the Kubelka-Munk function F(R) for the synthesized samples, (b) trend of
optical bandgap values versus Yb content and (c) pictures of the powder samples.
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It is worth noticing that the variation of the Yb*" doping level determines a wide bandgap energy
tunability of 0.43 eV, in good agreement with the trend and the values reported in Figure 4.4b for
the system codoped with Y. In addition, the powder color shows a gradual whitening as the Yb
content is increased, as expected in virtue of the progressive bandgap widening and the energy
gap threshold moving towards the UV wavelength range (Figure 4.11¢).

In order to compare the three different Yb-Ln systems, in Figure 4.12 the diffuse reflectance
analysis and the relative Tauc plot of the Kubelka-Munk function of Yb10Er2, Yb10Hol and
Yb10TmO0.2 samples are reported. The spectra are characterized by a strong absorption band peak
at 980 nm, due to the Yb*" GSA process. Moreover, the main evidence emerging from the Tauc
plot is that the estimated energy gap values scale down moving from YbIOEr2 (2.65 eV), to
Ybl0Hol (2.55 eV) and to Yb10TmO0.2 (2.53eV) samples. In the hypothesis that this trend is
linked to the progressive decrease of the whole lanthanide content (Yb+Ln at.%), it seems
demonstrated that also Er/Ho/Tm ions have a role as Bi203 structural modifiers and that a careful
doping allows for a precise control of the host bandgap.
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Figure 4.12 Diffuse reflectance spectra and corresponding Tauc plot of the Kubelka-Munk function F(R)
for the Yb10Er2, Yb10Hol and Yb10Tm0.2 samples.

4.4.2 UC properties of Yb*", Er** codoped NPs

Figure 4.13a shows the UC emission spectrum of Yb10Er2 sample under 980 nm laser excitation;
the dotted line is relative to Y10Er2 sample and its presence is useful to evidence the UC PL
enhancement effect driven by the Yb sensitizer.
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Even thought for both Yb-Er and Y-Er codoped systems the Er** spectrum is characterized by
three main features, that are the dominant so-called RED emission (*Fo,—*I152 transition) and the
weaker GRN (*S32—*11s512 and 2Hi12—*1152 transitions) and NIR (*loo—*115/2 transitions) ones, in
the case of Yb the RED emission is even more enhanced than both the other two.

This behaviour is characteristic for the whole Yb-Er series, resulting in eye-visible red UC
luminescence as a consequence of the near single-band emission at the red wavelengths of the
visible spectrum shown by these samples. Moreover, this trend is in agreement to what usually
observed for the Yb-Er system in different host, and Yb codoping is a useful strategy to realize

single red-emitting phosphor operating in UC mode.**~°
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Figure 4.13 (a) UC PL emission spectrum under 980 nm laser diode exposure of Yb10Er2 sample and
comparison with Y10Er2 sample (dotted line). Trend of the integrated PL intensity for the Yb-Er system
versus Yb content (solid line) and trend of the relative ratio between Yb-Er and Y-Er codoped series
(dashed line) for (b) GRN, (c) RED and (d) NIR emissions.

In Figure 4.13b,c,d, the influence of Yb content on the UCPL intensity for the different spectral
emissions is reported, showing a general increase up to an optimal Yb concentration of 10-15
at.%. This upward trend can be ascribed to (i) the enlarged photon absorption efficiency at 980
nm as the Yb*" density increases and (ii) the bandgap engineering effect previously discussed in
the case of Y codoping.
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To discriminate between these two effects and, in particular, to give emphasis on the Yb mediated
sensitization, we can refer to the violet dashed lines within these graphs, which are related to the
trend of the intensity ratio between Yb-Er and Y-Er codoped samples having the same Yb or Y
content. Having determined that Y and Yb ions behave in the same way as structure modifier
dopant, the effect of the progressive bandgap widening can be ruled out from the observed
behaviour.

It is noticed that the UCPL enhances up to some tens of times for the NIR and the RED emissions,
reaching for the latter a factor larger than 50 at the optimal Yb concentration, while for the GRN
one the increase is notably lower (maximum Yb/Y ratio of 3). Therefore, it is clear that, in
presence of the Yb-driven UC process, the advantage in terms of luminescence intensity increase
is much more for the RED emission with respect to GRN one.

Going over the optimal Yb doping level, the observed reduction of the overall PL signal is
presumably due to concentration quenching of luminescent activators: when in presence of such
a large density of surrounding Yb ions, energy migration to these (for instance, through energy
backtransfer process) can originate from an Er’* emitter, causing its radiationless relaxation with
effective reduction of the luminescent signals in the visible/near-IR range.”’
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Figure 4.14 UC PL decay curves collected at wavelengths corresponding to (a) GRN, (b) RED and (c)
NIR emissions for the Yb-Er codoped samples.

This effect could also explain why the decay traces for the three Er’* emissions become faster as
the Yb content increases (see Figure 4.14): with respect to an Yb-free sample, an overall major
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impact of non-radiative processes on the Er** luminescence dynamics can determine the observed
lifetime decrease.”® In this regards, the measured waveforms of Figure 4.14 were described
adequately by a single exponential fit, and the resulting lifetime estimates are listed in the
following Table 4.2.

Table 4.2 Decay time of GRN, RED and NIR transitions of the YbxEr2 samples estimates by single-
exponential fit procedure.

Sample Decay Time (ps)
GRN RED NIR
YbOEr2 73 225 266
Yb4Er2 26.6 55.7 48.3
Yb7Er2 12.9 373 28.8
Yb10Er2 10.9 34.8 18.1
Yb15Er2 11.3 37.9 20.8
Yb20Er2 11.4 27.1 16.3

We enter in the merit of the mechanisms bringing to the observed Er** UCPL behaviour later in
this Section.

4.4.3 UC properties of Yb’", Ho’" and Yb**, Tm** codoped NPs

The spectra of Figure 4.15 are respectively referred to the UC PL emission shown by the Yb10Ho1
and the Yb10TmO0.2 samples, under 980 nm LED exposure.

In the case of the Yb-Ho system, the spectrum exhibits the typical features commonly observed
for Ho-based UC phosphors in the visible-near-IR range, that span over the green, the red and
NIR spectral regions and that are originated from the following transitions: >F4, °S2 — °Ig (~550
nm), °Fs — °Ig (~660 nm) and °F4, °S2 — °I7 (~760 nm). The red component is dominant in
intensity; thus, at least in the visible range, the UC PL emission appears rather similar to the one
shown for the Yb10Er2 sample. But, in virtue of the larger green-to-red intensity ratio, for the
Yb10Hol the resulting eye-visible color output turns to orange.

Concerning the Yb-Tm system, the spectrum of Figure 4.15b deviates significantly to what can
be found in literature for the largest part of Tm-based UC phosphors. In fact, three main features
in the visible—near-IR region are usually exhibited: a dominant band around 475 nm, excited-to-
ground state 'Gs — 3Hs transition, that gives the typical blue color output, a weaker one around
650 nm, linked to the excited-to-excited state 'Gs — 3F4 transition, and an intense one around 800
nm, linked to the excited-to-ground state *H4 — *Hp transition. In the case of our Yb10Tm0.2,
none of the main bands can be appreciated in the visible range, leaving the place to a faint,
secondary emission around 700 nm originated from to the 2F2,3 — *He transitions, while the 800
nm band emerges as extremely intense. In this regards, it must be pointed out that, by comparing
all the UC nanoparticles object of this investigation, the PL signals measured for this Tm>"
emission were among the most intense.
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Figure 4.15 UC PL emission spectrum under 980 nm laser diode exposure for (a) Yb10Hol and (b)
Yb10TmO.2 samples.

The time decay curves for the UC PL emissions characterizing the Yb10Hol and Yb10TmO0.2
samples are shown in Figure 4.16. We observe that the decay profiles can be fitted with a sum of
two exponential functions:

I(t) — Iée_t/ffast + ]ge_t/'[slow

From the estimated lifetime values reported in the graphs, it is evidenced the presence of a slow
component (T, ) that are in the typical range for lifetimes characterizing the Ho**/Tm*" excited
states involved in the UC PL emission processes. The origin of the faster decay component (754¢),

presumably related to a non-radiative decay path, that is not yet clarified.

As expected, in the case of Yb, Ho codoped sample the trends for the emissions in the green and
in the near-IR well match, since both radiative processes originate from the °F4, °S2 manifolds and
the observed decay profiles have to reflect the lifetime characterizing this excited state.
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Figure 4.16 UC PL decay curves by 980 nm excitation for (a) Yb10OHol sample, with emission signals
taken at 554, 668 and 764 nm, and (b) Yb10Tm0.2 sample, with emission signal taken at 804 nm (lifetime
analysis for the emission originated from the *F, 3 — *Hg transitions not reliable due to the weakness of the
signal). The lifetime estimates within the graph were obtained by double-exponential fit procedure and the

resulting fitting curves are reported in the graphs as solid lines.
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4.4.4 Insight into the UC mechanism

Considering a codoped Bi203 system with Yb content at 10 at.%, the schematic energy level
diagram of Figure 4.17 gives account of the main transitions involved in UC process for the three
Yb**-Ln** ion pairs, with particular emphasis on the energy transfer mechanisms where Yb*" ions
act as donor. It is worth underlining that, since it is well known the typical large cross section
characterizing the Yb*" GSA process (’F72 — *Fsp), this transition is considered as the main
triggering event for UC activation, whereas ESA/GSA processes for the other Ln*" ions have a
very low probability.

In the case of Yb-Er system, the scheme follows what already evidenced in the case of Y-Er
codoped samples. Therefore, by 10 at.% Yb doping, the estimated host bandgap energy allows for
the *F712 state to be active from the point of view of UC process, behaving as such a landing point
for the direct two-photon absorption, mainly determined by a double combination of Yb*" GSA
(*F72 = %Fsp2) and energy transfer to Er’** ion (Er*" 41112 state involved too).

Despite this, as discussed before, the enhancement of the GRN emission seems quite limited as
the Bi203 bandgap widens (i.e. the Yb content increases) with respect to RED and NIR ones. In
fact, the scheme of Figure 4.17 reports a peculiar effect already observed for the Yb-Er system in
different hosts:*”“" at high Yb concentration, Er ions undergo an energy backtransfer process
(EBT, pink dashed lines in the scheme), whose mechanism can be summarized as [Er**]*Sz; +
[Yb ' ’F72 = [Er¥']*Lis2 + [Yb3']?Fsp2, followed by ETU, with consequent Er** transition in the
“Fo2 state from the long-living *I13/2 one and further feeding of RED and NIR radiative relaxations.
This result in a slight increase of GRN emission by progressive host bandgap widening, being this
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Figure 4.17 Scheme of the energy level diagram representing UC and transition mechanisms originating
the luminescence emissions observed for the Yb-Er, Yb-Ho and Yb-Tm systems. The brown upward arrow
refers to Yb®>" GSA process; solid downward arrows refer to Ln®" radiative relaxations, with colors
representing transitions in the red, green and near-IR spectral ranges; blue arrows refer to ET/ETU
processes; pink dashed arrows refer to EBT process for the Yb-Er system; grey wavelike arrows refer to
multiphonon relaxations. The horizontal dashed orange line marks the energy threshold for Bi,O3; band-to-
band transition, as estimated in the case of Yb-Ln codoped samples with 10 at.% of Yb.
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effect limited by EBT activation, while the intensity of RED and, partially, of NIR UC
luminescences are strongly enhanced.

The picture in Figure 4.18a is relative to the Yb10Er2 sample, characterized by red color output.

For the Yb-Ho system, the scheme of Figure 4.17 is helpful to evidence that the direct two-step
UC process can directly bring an Ho®" ion from the ground to the F4,S: excited states (through
the °Is manifold), which are well below the threshold energy for bridging the host band gap as
well as all the states involved in the transitions that determine the observed UC PL spectrum.
From the results of the Kubelka-Munk analysis reported in Section 4.4.1, it is claimed that this
condition would be maintained also at very low Yb content. Therefore, we exclude that the Yb-
Ho UC mechanism can be influenced by possible excitation migration processes to the host.

The previous considerations are aligned to the fact that, as shown in the picture in Figure 4.18b,
the Yb10Ho1l sample shines orange light under 980 nm photoexcitation, like the largest part of
YbHo-based UC phosphors.

Furthermore, with the aim to modify the UC PL response of the system, an interesting perspective
is to dope the NPs with different structural modifier ions in order to promote the shrinkage of the
Bi203 bandgap like, for instance, with In** ions.®! By referring to the case of the Er** UC response,
we envisage that this could lead to limit (or quench) all transitions involving the °Fa,°S: states, as
those determining the emissions in the green (°Fs,°S2 — °Is) and in the near-IR (°F4, °S2 — °I7)
regions. Since the °Fs — °Ig transition (responsible for the red emission) remains fully activated,
this could represent an effective strategy, based again on the host bandgap engineering, to realize
a single-band red emitting UC nanophosphor.

Figure 4.18 Photographs of the Yb-Ln (Ln=Er, Ho, Tm) samples under 980 nm excitation source, collected
by using a 900 nm long-cut filter. In the case of Yb10TmO0.2 sample, the CCD camera associates the violet
color to the 800 nm emission.

In the case of Yb-Tm system, the scenario emerging from the sketch of Figure 4.17 directly
accounts for the peculiar UC PL response exhibited by the Yb10Tm0.2 sample. Basically the 'Ga
state is located so high in the energy scheme that the relaxation to the ground state is energetically
larger than the Bi2O3 band-to-band transition (by taking into account the energy gap estimate
obtained by the Kubelka-Munk analysis). Therefore, due to the competitive relaxation
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mechanisms determined by excitation migration to the host, it is pointed out that all (radiative)
transitions involving the 'Gs state can be limited or fully quenched.

Furthermore, it is worth considering that these transitions are typically three-step UC mechanisms
under 980 nm excitation, as typically emerging from the analysis of the pumping power
dependence of the UC PL emissions shown by Yb-Tm systems,’>** and this is a direct
consequence of the fact that at least three photons are needed to populate the !G4 level. Concerning
the Yb10TmO0.2 sample, the emission band around 800 nm, dominating the UC PL spectrum,
seems linked to a two-photon process, as inferred from the trend of the signal intensity versus the
980 nm pumping power observed in Figure 4.19c, where the Ij;cp; X Pdgonm relationship holds
for a n parameter close to 2.

Moreover, this a general behaviour characterizing also the UC PL emission signal relative to both
the Yb10Er2 and Yb10Ho1 samples (see Figure 4.19a and b, respectively). This result agrees to
the idea that, for the investigated Yb-Ln samples, only two-step processes are allowed, whereas
possible interferences caused by transitions across the host bandgap can affect the activation of
UC PL ones determined by mechanisms combining three or more photons (n parameter > 2).
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Figure 4.19 Double-log-plot of the integrated UC PL emission intensity versus 980 nm pumping power
for (a) Yb10Er2, (b) Yb10Ho1 and (c) Yb10Tm0.2 samples (the analysis for the emissions originated from
Er’" “Iy, = “Iis» and Tm** ?F»3 — *Hg transitions not reliable due to the weakness of the signal). In each
graph, the corresponding order of the UC process is reported as the n parameter obtained by the linear fit
of the experimental data.
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The efficiency performance of the three Yb-Ln samples doped with 10 at% of Yb was measured
by means of the integrating sphere method. A high absorption efficiency of 67+£3% for all the
three Yb-Ln samples gives account of the effective capability of the system to collect the 980 nm
irradiating photons, whereas the quantum yield (QY) is related to the fraction of these that are
converted into emitted photons generated through an UC mechanism.

The significant absorption efficiencies were not unexpected on the basis of the pronounced feature
originated by Yb** GSA absorption at 980 nm, characterizing the reflectance spectra of Figure
4.12.

Concerning the QY results (summarized in Table 4.3), it must be underlined that the reported
values are remarkable compared to most state-of-the-art of UC phosphors, including those based
on fluoride hosts that are known to exhibit the best performances. By referring to the up-to-date
list of fluoride-based UC nano-sized phosphors reported by Nadort e al. in ref. 65, in Table 4.3
the QY estimates of our Yb-Ln codoped samples are compared to some systems reported in
literature. In general, it can be observed that Ln-doped UCNPs hardly reach efficiency of the order
of 1%, whereas in the case of core-shell nanostructures values of several % are achieved.

Table 4.3 Absolute QY of various UC nanosystems measured by integrating sphere method.

Material Size (nm) QY (%) Lex (Wem?) Ref.
Bi,03:Ybo,Ero.04 40 22+0.5 1.3 This work
Bi,03:Ybo2,Hoo.02 40 1.7£0.5 1.3 This work
Bi203:Ybo.2, Tmg 004 40 2.6+0.5 1.3 This work
NaYF4:Ybo2,Er.02 100 0.30+0.10 150 66
NaYF4:Ybo2,Ero.02 30 0.10£0.05 150 66
NaYF4:Ybo2,Eroo 8-10 0.005 £ 0.005 150 66
NaYF4:Ybo2,Erooo@NaYF4 30 0.30+0.10 150 66
NaLuF4:Gdo.4,Ybo.2,Tmg 01 <10 0.47 + 0.06 17.5 67
NaYF4:Yboas, Tmo e0;@NaYFs 42 (30@6) 0.04-3.5 0.02-78 68
NaYF4:Ybo2s, Tmo 03 33 0.45-0.91 1.3-20 69
NaYF4:Yb0A25,TmoA003@NaYF4 43 (33@5) 1.2-2.6 3.8-20 69
NaYF4ZYb0A3,EI'oA02@CaF2 26 3.2+0.1 10 70
LiLuF4ZYb0,2E1‘0,01 28 0.11 127 71
LiLuFa:YboEro0:@LiLuF, 40 28@6) 3.6 127 71
LiLuF4:Ybg2Erooi@LiLuF4 51 (28@11) 5.0 127 71
LiLuF4IYb0,2Tm0'005 28 061 127 7 1
LiLuF4IYbo,sz0'005@LiLuF4 5 1 (28@6) 67 127 7 1
LiLuF4IYbo,sz0'005@LiLuF4 51 (28@1 1) 7.6 127 71
NaGdF4:Ybo,zz,El‘o,ozs@NaYlﬂ 21 (10.5@5) 0.89 +£0.05 50 72
NaYF42Ybo_2,EI‘o‘02@NaYF4 14 (8@3) 0.49 £0.25 100 73

In any case, by considering the nature of our samples that consist of a “simple” bismuth oxide
NPs without the need of core/shell architects, we consider the estimates for our samples as a

promising starting point and strategies can be developed to further enhance the UC efficiency.
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4.5 Conclusion

In summary, we have prepared a new class of UCNPs based on Bi2O3 host embedding Y** and
Er’** ions, by means of a modified Pechini-type sol-gel route. Acting on the Y** doping level, it
has been established a novel method for tuning the UC emission chromaticity through the
engineering of the host bandgap, as it plays a relevant role in determining the mechanism and the
relative efficiency of the Er** radiative process.

In this regards we propose a scenario where, under IR pumping, transitions across the narrow
Bi203 bandgap determine a channel for the depletion of the higher-lying Er’* excited states via an
energy transfer mechanism, causing the switch off of the Er’" visible emissions at the shorter
wavelengths. Through Y** incorporation, the host bandgap widens as the doping level is raised
up, determining the full activation of UC PL transitions in the whole visible spectrum. The
resulting color output directly derives from a proper balance among the Er** emission lines into
the green and the red spectral regions, allowing for a chromatic selectivity from red to yellow-
greenish as the Y content increases.

In addition, the properties of Yb**-Ln** (Ln**=Er*,Ho*",Tm*") codoped Bi2Os NPs were
explored. The same wide bandgap tunability evidenced for Y-Er codoped samples was established
by Yb-Er codoping and the active role of the bandgap host was confirmed also in this case.
Promising QY values were estimated for the Yb-Ln systems, while a peculiar single near-IR
emission characterizes the UC PL spectrum of the Yb10TmO0.2 sample.

As emerging from this research, bandgap engineering of bismuth oxide used as host for Ln ions
opens intriguing possibilities for the realization of UCNPs with peculiar properties, envisaging
potential application in the field of photonics, bio-labeling, thermal sensing, anti-counterfeiting.

Materials and Methods

Experimental Details. X-Ray Powder Diffraction (XRPD) measurements were performed by means of a
Philips diffractometer with a PW 1319 goniometer with Bragg-Brentano geometry, equipped with a
focusing graphite monochromator and a proportional counter with a pulse-height discriminator. Nickel-
filtered Cu Ko radiation and a step-by-step technique were employed (steps of 0.05° in 28), with collection
time of 30 s per step. The crystallite size estimation has been performed by Scherrer analysis and the
instrumental line broadening has been evaluated by means of LaBs SRM660s standard by NIST.

Size and morphology of the nanoparticles and EDS analysis were carried out by a Carl Zeiss Sigma VP
Field Emission Scanning Electron Microscope (FE-SEM) equipped with a Bruker Quantax 200
microanalysis detector. The EDS spectra were collected at the same condition (20 KeV) for all the samples.

The diffusive reflective UV-Vis (DRUV-Vis) spectra were collected with a JASCO V-570 UV-vis
spectrophotometer equipped with an integrating sphere accessory. Barium sulfate was used as reference.

Photoluminescence measurements were performed by using a CNI MDL-III-980 diode laser as 980 nm
photon pumping source, with output power of 2W over a spot of 5x8 mm? (power density of 5 W/cm?).
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PL Emission spectra were acquired by means of a QE65 Pro Ocean Optics spectrometer; for measurements

at different pumping power, neutral density filters were used to attenuate the pumping radiation. Time
resolved PL curves were collected by a R928 Hamamatsu PMT coupled to a CINEL single-grating (600

lines/mm) monochromator; the pumping radiation was modulated by a mechanical chopper, whose

frequency (up to 1 KHz) was used as trigger for signal sampling by a Tektronix TDS3032 oscilloscope.

Upconversion and absorption efficiencies were measured by means of an integrating sphere (152 mm
diameter, coated with Spectralon), equipped with a calibrated radiometer (ILT 1700, International Light
Technologies). A baftle is mounted between the sample and the detector. A 980 nm laser diode was used
as excitation source and the irradiance was 1.3 W/cm?.
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CHAPTER 5

Bi;Si05@Si0; UCNPs: A Bismuth-Driven
Core-Shell Self-Assembly Mechanism

Abstract In this Chapter we investigate the lanthanide-doped Bi2SiOs nanocrystal
formation inside mesoporous silica nanoparticles (MSNs). The role of synthesis
temperature and of the concentration of bismuth precursor impregnated into the MSNs
are discussed, and a mechanism for the formation of Bi2SiOs@SiO2 core-shell
nanosystem is proposed. In addition, the easy tunability of the color output of the
upconverting system is demonstrated by suitable chosen of the doping lanthanide ions
with interesting potentialities in several application fields.
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5.1 Introduction

Among silicon oxide (SiO2) nanostructured materials, mesoporous silica nanoparticles (MSNs)
have emerged as one of the most promising nanosystems of the last 20 years, being involved in a
wide variety of fields, moving from catalysis'~ to cultural heritage,®’ from biomedicine™*!! to
sensing,'”"'* to name but a few. In particular, MSNs have great potentialities for the use as
nanovectors able to combine cancer imaging and therapy by drug delivery.'' Some characteristics,
such as the biocompatibility and high surface-area, make this material very appealing for bio-
technological applications. In addition, beside the suitable carrier ability, silica meso-channels are
also used as nano-reactors (templates) for the growth of different kinds of nano-sized structures,
like metal (e.g. Au, Ag, Cu, Pt) or metal oxide NPs (e.g. Fe304, TiO2).

From another point of view, silica is typically used for realizing shells embedding nanoparticles,
with the aim of reducing their activity or their toxicity. SiO2 coatings promote water dispersion
and chemical stability, with the great advantage to allow the functionalization of the outer NP
surface irrespective to their nature through the silane chemistry. The synthesis of SiO: shells is of
particular interest for protecting the surface of metal nanoparticles,'*'® and for coating quantum
dots and inorganic nanocrystals,'” becoming thus a challenge. As reported by Gnanasammandhan
et al.'® the formation of amorphous silica shell on upconverting nanoparticles (UCNPs) is a
fundamental step for the synthesis of photodynamic therapy (PDT) systems.'” Therefore, novel
approaches to synthesize core-shell nanosystems are highly desirable.

As previously discussed in Chapter 1 and 3, bismuth based materials are promising candidates for
many applications due to their low toxicity and costs,”’** in addition to the possibility to use them
in multimodal platforms by taking advantage of their suitable features for clinical imaging such
as computed X-ray tomography”>*° (CT), photoacoustic tomography”’ (PAT) and single-photon

emission CT*® (SPECT).

Bismuth oxide easily reacts with silica to form a variety of glasses and crystalline compounds,
depending on the preparation method. Bi2Os based glasses find applications mainly in the field of
electronics, sensors and solar cells owing to their low melting temperature.”’ The complex nature
of the Bi203-Si0:2 phase diagram is still under investigation, showing many stable and metastable
phases that strongly depend on the synthesis parameters.’’** The main crystalline arrangements
are the sillenite B112S1020, the eulytite Bi14S13012 and the metastable Bi2SiOs phases. While the
Bi12Si020 phase belongs to the family of so-called sillenite-type structures,*~’ isomorphous to y-
Bi203, and it was exploited in many applications due to its photorefractive, piezoelectric, electro-
optic, dielectric and photocatalytic properties,’**’ the BisSi3O12 phase has been widely
investigated as scintillator*~" and phosphor host.”'’ The metastable bismuth silicate Bi2SiOs
phase has been reported as the next generation lead-free ferroelectric material’®® and as a
promising photocatalyst.***” Taniguchi et al. deeply investigated the ferroelectric properties of
Bi2SiOs in correlation to the crystalline structure, showing at the same time the typical distortion
induced by 6s° lone pair electrons of Bi** and a unique twisted silicate chains induced ferroelectric
behaviour.®”®! However, even if Bi2SiOs is characterized by very appealing properties, new
synthesis able to stabilize the single phase is a challenge and, for the best of our knowledge, there
are no reports about the use of Bi2SiOs as host for luminescent species, like lanthanide ions.

Moreover, in view of possible biological applications of Bi2SiOs NPs, it is worth considering that
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the relevant bismuth silicate photocatalytic activity could represent a drawback, thus a NP surface
coating is desirable.

In this Chapter, by leveraging the mesochannels structure of the porous silica system, the
impregnation of MSNs with bismuth precursor is reported as an effective method to stabilized the
metastable Bi2Si0s phase. Moreover, a concentration-driven process leading to a core/shell
nanosystem formation is discovered. The temperature and concentration effects were investigated
and the key role of bismuth in the formation of the glassy silica shell is determined. In addition,
by doping with Yb and Ln (Ln=Er, Ho, Tm) ions, a new core/shell upconversion luminescence
systems is synthesized, with a remarkable optical tunability in the visible range as resulting from
the CIE diagram.

5.2 Sample Preparation

Materials. Tetraethyl orthosilicate (TEOS, 98%, Sigma-Aldrich), cetyltrimethylammonium
bromide (CTAB, Sigma-Aldrich), ethanol (99.8%, Fluka), ammonium hydroxide solution (Fluka,
28 wt% in water), Bi(NO3)3-5H20 (99.99%, Sigma-Aldrich), Yb(NO3)3-5H20 (99.9%, Sigma-
Aldrich), Er(NO3)3-5H20 (99.9%, Sigma-Aldrich), and HNO3 65% (J.T. Baker) were used for the
preparation of the samples without further purification.

Mesoporous Silica Nanoparticles (MSNs) Synthesis. The mesoporous silica nanoparticles were
prepared following the synthesis reported by Quiao et al.”’ with slightly modifications. In the
typical procedure, distilled water (145.2 mL), EtOH (22.8 mL) and CTAB (5.73 g) were mixed
and stirred in a bath oil at 60°C. When the complete dissolution of the surfactant occurred, NH3
(1.25 mL) was added into the mixture. After 30 minutes, TEOS (14.6 mL) was dropped slowly
and the stirring was kept for 2 h at 60°C. Finally, the suspension was cooled at room temperature.
The solid product was recovered and washed several times (initially in water and finally in
ethanol) with five cycles of centrifugation (30 min at 9000 rpm). The solid powder was dried at
130°C overnight and finally calcined at 500°C for 6 h in order to remove the surfactant. The molar
ratio of the reagents for the synthesis was 1TEOS : 0.28NH3 : 0.24CTAB : 125.7H20 : 6.1EtOH.
The bare sample is labelled as MSNSs.

Impregnation Method. The precipitation of lanthanide-doped Bisilicate nanoparticles into the
MSN mesopores was conducted by incipient wetness impregnation at room temperature. In the
typical procedure, the bare MSNs (0.3 g) were dispersed in a H2O/HNO3 solution (5:1, 25 mL),
keeping the mixture under stirring. After 30 minutes, the salt precursors of bismuth and
ytterbium, and a solution of another one or more selected lanthanides (Ln) were added to
the dispersion with a continuous stirring of 1 h. The powders were recovered through the
removal of the solvent by means of a rotary evaporator and calcined at a selected temperature,
with a heating rate of 1°C min™!, for 2 h. In the following, we refer to the MSN pore occupancy,
expressed in vol%, as the fraction of the total pore volume occupied by Bi and Ln precursor salts.

In order to evaluate how the system could be influenced by the thermal treatments, the
bismuth/lanthanides concentration and the nature of the selected lanthanides, three series of
samples were prepared as described below:
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1)

2)

3)

In the first series, the samples were calcined at different temperature between 550°C and
750°C range, fixing the nominal fraction of the loaded lanthanide-doped Bi oxide into the
MSNss pores. A nominal concentration of 14.52 wt% for the Ln-doped Bi203 (Ln=Yb,Er) was
calculated in order to achieve a pore occupancy of 12.5 vol% by means of the impregnation
procedure. The considered Bi:Yb:Er molar ratio was 1:0.1:0.02. The samples are labelled as
SBYEi25 T, where T represents the temperature (°C) of calcination (7=550, 600, 650, 700,
750), and are listed in|Table 5.1

For the second series, different degrees of MSN impregnation with Bi and Ln (Ln=Yb,Er)
precursor salts were considered up to the complete volume pore occupancy (impregnation at
12.5, 25, 50 and 100 vol%). As in the case of the previous series, Bi:Yb:Er molar ratio was
1:0.1:0.02. The samples were treated fixing the calcination temperature at 750°C and labelled
as SBYE. 750, where x=12.5, 25, 50, 100 vol% refers to the pore occupancy. The samples of
SBYE: 750 series are listed in Table 5.1. A sample loaded at 100 vol% (SBYEio) was
maintained unheated for in situ temperature dependent SR-XRPD measurement.

In the third series, the samples were doped with ytterbium in combination with one or more
other lanthanides, among Ho, Tm, and Er. For this study, the impregnation degree was kept at
100 vol% and the thermal treatment fixed at 750°C. The considered Bi:Ln molar ratio was
1:0.12. The samples are referred as SBY Ln series, where Ln=H, T, E represent Ho, Tm and
Er, respectively.

Table 5.1 Molar ratios and calcination temperature of the SBYE 25 7, SBYEx 750 and SBYLn series;
nominal pore occupancy refers to the fraction of MSN pore volume impregnated by salt precursors.

Ln-doped Bi,Os Pore

S . Si:(Bi+Ln) Temperature
ample Ln concentration occupancy Lo tio [°C]
[wt%] [vol%]

SBYE,s_T series
SBYEi25_550 550
SBYE125_600 600
SBYE125_650 Er 14.52 12.5 22.85:1 650
SBYE125_700 700
SBYE25_750 750
SBYEx 750 series
SBYE125_750 14.52 12.5 22.85:1
SBYE»s_750 25.36 25 11.43:1
- Er 750
SBYEsq 750 40.46 50 5.71:1
SBYEg_750 57.61 100 2.86:1
SBYLn series
SBYE Er
SBYT Tm
SBYH Ho
SBYET1 Er+Tm 57.61 100 2.86:1 750
SBYET?2 Er+Tm
SBYHT Ho+Tm
SBYEHT Er+Ho+Tm
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5.3 Bismuth-Driven Low Melting Point Effect in MSNs

With the aim to investigate the loading effect of bismuth salt on the mesoporous silica system,
and in particular on the variation of the melting temperature, MSNs of about 60 nm, with pores
of about 2.4 nm, were prepared following the synthesis method reported by Qiao et al.””

SEM analysis on the calcined MSNs evidence nanostructures with spheroidal shape and diameter
of about 60-70 nm (Figure 5.1a,b). The presence of both isolated and aggregated nanoparticles is
shown in the images of a bare MSN sample, reported in Figure 5.1a,b.
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Figure 5.1 (a,b) FE-SEM images of a bare MSN sample. (¢) N, adsorption/desorption isothermal curves
and (d) pore size distribution curve.

The mesoporosity of this sample was assessed by N2 absorption/desorption measurements,
evidencing an isothermal curve (Figure 5.1c) with the typical IV isothermal shape (according to
IUPAC classification’"). Brunauer-Emmett-Teller (BET) method allowed the estimation of a
relevant surface area value of 1050 = 30 m?/g, while the pore size distribution was determined by
Barrett-Joyner-Halenda (BJH) method, showing a narrow pore diameter distribution with a peak
maximum centred at 2.4 nm. This value is thus considered as the average pore diameter. In
addition, a total pore volume of 1.2 cm’/g was found, further confirmation of the high
mesoporosity of the synthesized MSNs.
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To figure out the effect of bismuth-driven melting point decrease for the mesoporous silica
system, a series of MSNs impregnated with the same nominal fraction of precursor salts (pore
occupancy of 12.5 vol%), followed by thermal treatment in the 550-750 °C range, was prepared
(Table 5.1).

Figure 5.2a shows the comparison of the XRPD pattern between the sample annealed at the lower
temperature (550 °C) and the bare MSNss. It is evident that the spectral shape suggests the presence
of another phase in addition to the typical silica contribute. When the bismuth salt is impregnated
into the silica pores, the growth of bismuth oxide is expected upon following annealing in air.
However, the process of formation of Bi2Os3 into the channel of the MSN could be in competition
with the reaction of bismuth with silica. As a result, it is difficult to provide the assignment of the
crystalline phase stabilized into the mesoporous channels. Moreover, the size of aggregates grown
into the meso-channels is expected to be so small (ca. 2-3 nm) as to be difficult to determine if
the new phase is amorphous or crystalline.

In order to provide a tentative assignment, Rietveld refinement was performed to identify possible
features belonging to bismuth-based phases like Bi oxide polymorphs and Bi silicates. Among all
of these, reasonable fit results were obtained for cubic 8-Bi2O3 phase and, in particular, for
Bi12Si020 phase, which provides the best agreement with the experimental measurement (Figure
5.2b). In addition, considering the latter phase, the quantitative determination of the Bi oxide
content into the MSNs (16.97 wt%) well agrees, within the error, with the nominal calculation
(14.52 wt%).
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Figure 5.2 (a) Comparison of the XRPD patterns of SBYE,5 550 sample with the bare MSNs and (b)
experimental and refined with Rietveld method of SBYE»5 550 sample.

Comparing the XRPD spectra for the impregnated MSNs, heated at the different temperatures, no
evident differences are detectable up to 700 °C, while at 750 °C a series of features, even if small,
ascribable to the Bi2SiOs phase can be observed in Figure 5.3b.
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Figure 5.3 (a) XRPD patterns for the samples at different annealing temperature in the 550-750 °C range.
(b) Comparison between the samples annealed at 700 and 750 °C with (triangles).

SEM images of the samples reported in Figure 5.4 (550 and 750 °C in Figure 5.4a and b,
respectively) prove the same spherical morphology for all the samples irrespective to the
annealing temperature. The EDS analysis confirmed the presence of the basic elements (Si, Bi,
Yb and Er) in all the samples (Figure 5.4c shows the comparison between 550 and 750 samples).
In addition, the semi-quantitative elemental analysis provided, within the errors, the same atomic
ratio among the elements supporting the suitability of the adopted sample preparation route in
limiting any precursor loss during the different preparation steps (impregnation and post-
annealing).
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Figure 5.4 SEM images of the SBYE 25 550 sample (a) and of the SBYE 25 750 sample (b). EDS spectra
of samples at 550 and 750 °C, with element labels (c).
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TEM micrographs of the SBYEi25 750 sample evidence uniform distributed nanoaggregates of
about 2-3 nm embedded into the MSN. Selected area electron diffraction (SAED) analysis were
performed on the sample. However, both the selected area diffraction pattern collected at low
magnification (40k, reported in Figure 5.5¢) and nanodiffraction at high magnification (not
reported) do not show any diffraction spot. The EDS analysis confirms the presence of Bi into the
MSNss and no traces of other elements were found outside the silica nanoparticles, suggesting the
effectiveness of the impregnation procedure.

Full scale = 2 cps Cursor: 10.2475 ke¥
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Figure 5.5 (a,b,c) TEM micrographs of the SBYE 25 750 sample at different magnifications, (d) EDS
spectrum and (e) SAED pattern of SBYE»5 750 sample.

With the aim to investigate the effect of thermal treatment after the precursors loading on the silica
mesoporous structure, N2 absorption/desorption measurements were carried out. As shown in
Figure 5.6a, the same type of isothermal curve is maintained for all the temperature, except at 750
°C. The surface area and the pore size estimated by the by BET and BJH method respectively,
evidenced a pretty steady-state condition in the 550-700 °C temperature range, with a significant
decrease of the parameters characterizing the mesoporous structure at 750 °C (Figure 5.6¢). A
first evident change in the mesostructure of the nanoparticles consists in the decrease of the
surface area from 1050 m?/g for the bare MSNs to about 800 m?/g for the 12.5% loaded samples
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heated up to 700 °C, with a corresponding decrease of the pore volume from 1.2 cm®/g to about 1
cm?/g. However, moving to the sample annealed at 750 °C, it is clear that the deep decrease of the
surface area (135 m%/g) and the pore volume (0.26 cm?/g) can not be explained only in terms of a
bismuth oxide occupancy of the MSN meso-channels.
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Figure 5.6 (a,b) N, adsorption-desorption isotherms and BJH pore size distribution of the SBYE,s T
samples. (c) Surface area (left) and pore volume values (right) as a function of temperature for the
SBYEi,5 T samples.

To assess the role of bismuth, in a further experiment, bare MSNs were annealed at 800 °C for 2
hours, showing a negligible reduction for both the surface area and the pore volume (950 m*/g
and 1.1 cm®/g). Hence, bismuth seems to play a key role in the collapse of the mesoporous
architecture. Once the decomposition of bismuth nitrate is complete, bismuth oxide is expected to
be stabilized into the channels. Even if it is difficult to assign the phase from electron diffraction
analysis, TEM images of the sample annealed at 750 °C (Figure 5.5) evidences nanoaggregates
homogeneously dispersed inside the MSNs. Rietveld refinement of the XRPD patterns suggests
the stabilization of Bi12S1020 phase into the silica channels (Figure 5.2), and the presence of a
small fraction of Bi2SiOs phase is evidenced at 750°C, in correspondence to the porosity collapse.
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It is worth stressing that the melting temperature of the materials changes at the nanoscale. As for
other fundamental properties, the melting point depends on the nanostructure size, reaching lower
and lower temperature as the size decrease. As a first approximation, the size-dependent melting
point T;, roughly follows a 1/D behaviour:’*

X
tu=To(1-5)

where T is the melting point of the bulk, D is the nanoparticle diameter and X depends from the
model considered.

It 1s well known (in particular for metal) that the melting point depression at the nanoscale is
related to the increasing relative amount of surfaces with low-bound atoms in the neighbourhood.
Guenther ef al.”> demonstrate the decreasing of the melting point with the diameter of bismuth
oxide nanoparticles, showing a melting temperature T, of about 210 °C for nanoparticles with
diameter of 6.7 nm. Even if the situation is rather different because of the silica matrix surrounding
the nanoparticles, a decrease of the melting temperature due to the particles size is expected.
Therefore, at 750 °C different processes can be related to the loss of the mesoporous structure: if
from one hand, bismuth precursor decomposition leads to the formation of Bi12SiO20 aggregates,
from the other hand, these nanostructures could melt inside the meso-channels, reacting with silica
in virtue of Bi attitude to act as a low melting point agent, with consequent porosity collapse.
Moreover, it is important to remember that the mesoporous silica matrix can be considered as a
viscous and elastic fluid at T = Tg.73 As the temperature increases, the viscosity of the silica
enhances with the loss of the elastic character.”

In conclusion, as suggested by Figure 5.6¢, for the investigated system a specific temperature can
be recognized in the 700-750 °C range, which determines a threshold for the bismuth-driven
melting transition.

Now we turn our attention to the results of the spectroscopic analysis underwent by the
investigated samples. Figure 5.7 shows the comparison of the infrared spectra between
mesoporous silica and SBYEi2.5s 550 sample.
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Figure 5.7 FTIR spectra of MSNs and SBYE2_550 sample. Magnification of the 1100-750 cm™ region is
reported in inset.
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Mesoporous silica exhibits the typical absorption band of siloxane (Si-O-Si) bonding at 1200
cm !, the silanol -OH band at 3743 cm™' and other peaks due to adsorbed or hydrogen-bonded
water molecules in the 3700-3000 cm™! range.’” Peaks in the 800-1000 cm™! range are expected
for Bi-O-Bi and Bi-O-Si bonds;’®’" in this regard, differences among the two samples are
evidenced by the inset of Figure 5.7. However, specific bond recognition was not accomplished
due to the lack of clear spectral features. Furthermore, at higher temperatures, any further changes
in the FTIR spectrum were not observed (spectra not shown).

From the optical point of view, the diffuse reflectance spectra show the typical absorption features
related to Er** ion transitions in the visible range, for all the samples, and a step-like edge going
towards the UV, due to matrix absorption, which results clearly red-shifted in the case of the
sample treated at the highest temperature. The difference in this absorption edge reflects the
modification on the energy gap of the material, that can be estimated as the intercept at F(R)=0 of
the straight region of the Kubelka-Munk function. A bandgap energy of 4.3 eV is calculated for
all the samples up to 700 °C, while a smaller value of 4.2 eV is estimated at 750 °C. Both of these
estimates are not consistent with the typical bandgap energy of bismuth oxide polymorphs (2.3-3
eV), Bi2SiO20 (2.95-3.2 eV**"®) or Biz2SiOs (2.71-3.8 eV**057989) " Ag an hypothesis, we argue
that these values could reflect a quantum size effect in the smaller Bi silicate-based aggregates
(size of ~2 nm) trapped in the meso-channels, resulting in a typical bandgap widening and
consequent blueshift of the energy gap threshold with respect to the bulk system. Furthermore,
since the bandgap energy variation occurs with sample heating at 750°C, as in the case of the pore
structure collapse, it seems that this temperature determines such a turning point for a deep
modification of the material structure.

Energy (eV)
45 4 35 3 25 b 100
a T T A L T L B S B P CRL S A — 1 T 1T T g g
( ) 100 | Er i ( ) SBYE,, 5 550 g ¢
Er ] SBYE,, 600 !
_ 9 | % SBYE,, ; 650
= . c SBYE,, s 700
3 _ g o SBYE,, s 750 |
© —
8 ol SBYE,, 5 550 | g
< SBYE,, s 600 | E
C el SBYE,, s 650 v
— SBYE,, ; 700 L
50 - —— SBYE,, ;750
ik PN STPEPEF EPATEPRrl I UPRre) ST I PR 0 i i "
250 300 350 400 450 500 550 600 36 38 40 42 44 46 48
Wavelength (nm) Energy (eV)

Figure 5.8 Diffuse reflectance spectra (a) and Kubelka-Munk function F(R) (b) for the SBYE T samples.
(c) Comparison between the UCPL spectra of the samples annealed at 550 and 750 °C.

5.4 Crystalline Thermal Evolution

In order to monitor the local structural evolution as a function of temperature, a sample fully
impregnated by Bi and Ln salt precursors (sample SBYE1o0, pore occupancy of 100 vol%) was
analyzed by in situ temperature dependent synchrotron radiation X-ray powder diffraction (SR-
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XRPD). The structural evolution of the system was followed by increasing the temperature up to
1000 °C. At low temperature (100-450 °C range) only very weak peaks due to bismuth nitrates
were detected (not shown). From 500 °C, the in situ SR-XRPD analysis in Figure 5.9 reveals the
growth of a crystalline phase, recognized as the orthorhombic Bi2SiOs (Cmc21 space group,
ICSD#30995), whose structural features increase in intensity up 750 °C, and then progressively
decrease with complete disappearing of the crystalline phase and amorphisation of the sample at
900 °C.
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Figure 5.9 (a,b) In situ temperature dependent synchrotron X-ray powder diffraction patterns (A=1.03333
A) of SBYEq sample in the range of 500-1000 °C and magnification of the (311) reflection peak. (c)
Comparison between the (311) reflection peak broadening as a function of S (2 sin(8) /A) at 500 and 750
°C. (d) Crystalline structure of Bi,Si0s with the typical coordination site for bismuth and silicon.

In regard to the occurring stabilization of the orthorhombic Bi2SiOs phase during the heating
process, it is worth considering that this is a metastable phase hardly stabilized by solid state
reaction (only by means of very long cooling from the melt®’). In this view, the meso-channels of
MSNSs are suggested to work as nanoreactors allowing the direct stabilization of the metastable
phase after the thermal treatment at 750 °C for 2 hours, without any further cooling process.
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Figure 5.9b shows the temperature dependence of the (311) reflection peak of the Bi2SiOs phase
in the 500-800 °C range. In order to emphasize the difference in the crystallite dimension at 500
and 750 °C, Figure 5.9c evidences the full weight at half maximum (FWHM) of the peak at about
19.25°. The two values estimated by means of the Scherrer equation of about 22 nm and 38 nm at
500 and 750 °C, respectively, confirm the increase of the crystallite size with the temperature.

In order to follow the decomposition/crystallization path respect to the structural evolution
displayed by the in situ temperature dependent SR-XRPD investigation, thermogravimetric
analysis (TG-DSC) was carried out on the unheated SBYEi00 sample (Figure 5.10). TG-DSC
measurements support the structural observations providing a thermal process in which the
decomposition features showed up to 500 °C are consistent with: (i) water removal (endothermic
peak at 100.4 °C); (ii) dehydration and decomposition of Bi(OH)3 and bismuth nitrates®!*** (faint
peak at about 220°C and peak at 327.4 °C); (iii) phase transition of Bi203 *>** (peak at 472.3 °C)
with a total weight loss of about 14%.

A further element emerging from the TG-DSC analysis, which certainly deserves a deeper
investigation in future, is the clear observation of a glass transition at a temperature T, of 549.2 °C
(see inset of Figure 5.10), then in correspondence with Bi2Si0s phase stabilization evidenced by
the synchrotron analysis. The activation of this specific transition suggests that the system should
be characterized by a certain mobility, responsible of the typical processes occurring in glassy
networks, like diffusion and percolation. In addition, a small exothermic peak at 611.9 °C is also
revealed, that could be related to the precipitation of a crystalline phase.
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Figure 5.10 Thermogravimetric (TG) and differential scanning calorimetry (DSC) curves of the SBYE 0o
sample, with heating rate of 10 °C/min.

5.5 Morphological and Structural Behaviour: Bismuth Loading Effect

Further considerations about the effect of Bi incorporation into the MSNs can be achieved by
considering a series of four MSN samples impregnated with different degree of precursor salt
loading (pore occupancy of 12.5, 25, 50 and 100 vol%, respectively), and then annealed at 750
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°C, suggested as the ideal temperature for the Bi silicate stabilization from the previous analysis
carried out on SBYE100 sample.

Figure 5.11a shows the XRPD patterns of the samples as a function of precursor content. As for
the bare MSNss, at lower impregnation degree we observe a broaden amorphous-like feature, that
can be attributed to both silica and small B112S1020 nanoaggregates formation after pore loading
(see Figure 5.11b), that progressively disappear by increasing the precursor salt content, leaving
the place to a series of crystalline peaks, marking the precipitation of the crystalline Bi2SiOs phase.
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Figure 5.11 (a) XRPD patterns of the SBYE, 750 series, with x=12.5, 25, 50, 100. (b) Zoom of the XRPD
to evidence the decrease of the SiO, and Bi12SiO» phases contents with increasing the bismuth salt loading.
(¢) Rietveld refinement fit performed on the sample SBYEsy 750. (d) Weight percentages of the phases
from Rietveld refinement versus bismuth precursor loading content calculated as percentages of volume
occupied by the salt on the total MSN volume accessible.

Rietveld refinement was performed by considering only the amorphous silica phase, Bi12S1020
nanoaggregates and the Bi2SiOs phase, since no other phases were detected. Figure 5.11c shows
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the fit performed on SBYEso (as an example) and the results of the quantitative analysis performed
by means of Rietveld refinement®* are summarized in Table 5.4. As graphically reported in Figure
5.11d, the observed tendency of a progressive reduction of the features attributed to silica and
Bi12S1020 is confirmed, leaving the place to the Bi2SiOs phase whose signal increases up to 50
wt%. This trend is in line with the claimed high reactivity between silica and bismuth.

Table 5.4 Summary of the parameters obtained from Rietveld refinement of the samples.

SiO;  Bi2SiOz Bi;SiOs

Sample R, Rwp GOF?
wt% wt% wt% a b c Veenl

SBYEn2s 82.67 17.33 - - - - - 6.67  9.04 0.20

SBYE»s  70.63 19.62 9.75 15.20107 53901 5.38153 440.93704 7.55 9.84 0.61
SBYEso  59.40 14.92 25.68 15.1747 538118 5.35685 437.42862 9.23 12.04 0.74

SBYEi 36.96 12.10 50.94 15.17925 5.37093 535708 436.74516 10.04 13.67 0.77

2 GOF=goodness of fit

From the Rietveld quantitative parameters reported in Table 5.4, it was attempted to deduce the
amounts of SiO2 and Bi203 that should have reacted for determining the resulting composition of
each sample. Table 5.5 provides a comparison between these estimates and the nominal weight
percentages adopted during the different syntheses: the agreement is remarkable, indicating the
reliability of the method in preparing samples with a refined control of the composition.

Table 5.5 Comparison of the nominal and experimental (from Rietveld refinement) weight percentages of
Si0; and Bi,0s of the samples.

Sample nominal experimental

P S0, Wt%) Bi,Os (Wt%) SiO; (Wt%) BirO3 (Wt%)
SBYEs 85.48 14.52 83.03 16.97
SBYEzs 74.64 25.36 72.15 27.85
SBYE; 5934 40.46 62.64 37.36
SBYEi0 42.39 58.61 43.03 56.97

To assess the MSN porosity evolution as a function of the impregnation degree, N2 adsorption-
desorption analyses were performed. The analyses suggest that, in addition to the stabilization of
an increasing fraction of Bi2SiOs, the rise of bismuth loading leads to an abrupt collapse of the
mesoporous structure.
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Figure 5.12 BJH pore size distribution (a) and FTIR spectra for the samples at different loadings (b).
As aforementioned in Section 5.2, for the SBYEi25 sample heated at 750 °C the mesoporous

character of the host is lost. In the same way, the BET and BJH methods evidenced this trend as
the precursor content increased, as implied by the strong decrease of the surface area and pore

volume values (see Figure 5.12a and Table 5.5).

Table 5.6 BET specific surface area S.A4.ger and total pore volume V}, of the MSN and SBYE, samples.

Sample  S.A.per (m’g") ¥V, (em’g?)
MSN 1050 1.2
SBYEi2s 135 0.26
SBYExs 109 0.21
SBYEs 18 0.07
SBYE0 14 0.06

In particular, as suggested by the BJH pore size distribution trend observed in Fig.5.12a, from the
values reported in Table 5.6 it is pointed out that the porosity collapse takes place with 50% of
pore volume loading. FTIR spectra in Figure 5.12b also confirms the formation of bismuth silicate
phases in the samples due to the characteristic Bi-O-Si vibration.

Representative High-Resolution Transmission Electron Microscopy (HRTEM) images of the
samples are reported in Figure 5.13. These images highlight the tendency of the system to evolve
from an initial network of well-dispersed, small primary aggregates inside the mesoporous silica
channel (SBYEi25 750), to a distribution of Bi silicate-based, larger nanocrystals, that gradually
grow until the stabilization of a core-shell system at the highest loading content (SBYEi00_750).
In the following we clarify the crucial aspect.
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SBYE, s SBYE,; SBYE,,

loading

Figure 5.13 TEM images of the nanoparticles at the increasing of the bismuth content, showing the
morphological evolution to a core/shell structure.

The process leading to this spontaneous core-shell assembly seems to be determined by the
concentration of the precursor into the meso-channels, with the tendency of the primary
aggregates to move inside the channels and to react each other, originating larger nanostructures
with manifest crystalline character. Figure 5.14 reports some images of the self-assembled core-
shell nanosystems at different magnifications and the nano-beam electron diffraction (NBD)
analysis on the particle core for the SBYE100 750 sample.

Figure 5.14 (a,b,c) TEM and HR-TEM images of the SBYE90_750 sample at different magnifications and
(d) Selected Area Electron Diffraction (SAED) conducted on (c).
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As previously suggested, in conditions of full pore impregnation, the evolution to the core-shell
assembly system is strongly promoted. Figure 5.14a shows that the nanostructures deriving from
the reaction of the MSN constituents and the precursor salts are surrounded by an amorphous shell
with an estimated thickness of about 4-7 nm. The magnifications provided by the HR-TEM image
of Figure 5.14b and c evidences that this shell consists of compact, non-porous silica. Hence, the
formation of the core-shell structures occurs in combination with the total loss of the MSN
porosity with a process that leads to the densification of the silica framework. Moreover, from
these images it is pointed out that the core seems to consist in both an extended crystalline region,
with a defined plane structure (difficult to appreciate due to the low quality of the here-reported
reproduction of the TEM images) and occupying the larger part of the core itself, and/or an
assembly of small (size < 5 nm) crystalline NPs. In Figure 5.14d, nano-beam electron diffraction
(NBD) SAED analysis performed on the core region confirms the stabilization of the Bi2SiOs
phase. Finally, it is worth mentioning that the dimensions of the ellipsoidal core of the particle
visible in Figure 5.14b are estimated to be 35 nm and 28 nm for the major and minor axes,
respectively, thus in good agreement with the crystallite dimension value of 38 nm resulting from
the in situ SR-XRPD analysis on the SBYE100 sample heated at 750°C, reported in Section 5.3.

5.6 Core-Shell Self-Assembly Process: A Tentative Mechanism

To date, the details of the formation mechanism of metal oxide nanoparticles (MxOy) in the
mesoporous silica channels are not known.**” However, it is reasonable that it occurs via an
initial formation of generic metal hydroxide M(OH),, decomposing into the metal oxide during
the thermal treatment. This hypothesis is supported by the thermogravimetric analyses together
with the temperature dependent in situ SR-XRPD analyses that show the concomitance of the
degradation of the bismuth nitrates with the consequent stabilization of bismuth oxide-based
phases. It must be underlined that, in the present study, the comprehension of the process
responsible of the aggregate formation into the MSN channels is complicated by the high
reactivity between Bi and Si oxide. On the basis of the structural and morphological analysis
presented above, a possible mechanism leading to the formation of the core-shell structure is
provided in the following.

At low impregnation level (SBYEi25 samples), the reported HR-TEM images clearly evidence
the formation of small, nm-size aggregates (size ~2 nm) inside the mesoporous channels of the
MSNs, whose crystalline or amorphous character can not be fully ascertained. By means of
Rietveld analysis, the nanostructures stabilized at 550 °C are reasonably assigned to the B112S1020
phase (in agreement with the quantitative analysis) suggesting the prompt reactivity between Bi
precursor and the silica structure, already at low temperature. Increasing the temperature, the
stabilization of a Bi2SiOs phase is observed, with the concomitant collapse of the silica
mesoporosity.

As schematically reported in Figure 5.15, we propose a scenario where the primary Bi12SiO20
aggregates, segregated into the silica mesochannels (that act as both nanoreactors and sources of
silicon), fuse together to form, at first, bigger nanocrystals with size as larger as the precursor salt
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content increases, then extended crystalline regions, whose composition progressively turns to
B12Si0s (as evidenced by TEM images of Figure 5.13).

SBYE;,: SBYE - SBYE., SBYE o
loading >

Figure 5.15 Sketch of the core/shell self-assembly process as a function of the bismuth precursor loading
into the MSN.

Both Bi loading content and heating temperature play a key role in determining the evolution of
the mechanism leading from the impregnated MSNs to the precipitation of the Bi silicate phases,
and in general their increase (with a suggested optimal temperature of 750°C) brings to a full
stabilization of the core-shell assembly. In this regard, a clear picture of this is given by TEM
images of SBYE100 750 sample reported in Figure 5.14.

Depending on the temperature, upon heating the primary aggregates move towards the center of
the silica particles, promoting the formation of the Bi silicate-based core region. At the same time,
the depletion of the outer layer determines the formation of a silica shell that undergoes a
densification process, then turning from porous to glassy, also in virtue of the Bi-induced low
melting point effect. Furthermore, referring to the glass transition at T,=550 °C evidenced by the
TG-DSC analysis, it is well known that around the T, temperature high constituent mobility takes
place, with enhanced ion diffusion and percolation processes. Also the mobility into the
mesochannels result increased, validating the idea of primary aggregates that progressively move,
originating the Bi silicate-based core region. In addition, as previously discussed in Section 5.3,
silica may be considered as a viscoelastic fluid at T = Tg,73 and a further increase of the
temperature can induce an increase of the viscosity of the silica matrix, which loses its elastic
character.”* As a consequence, in the case of the investigated system, porous-to-glass transition
involving the outer shell of the silica particle can occur. Finally, it is worth considering that one
of the most used route for the preparation of silica NPs and shells is the Stober method and derived
synthesis processes, that usually provides porous materials.**”’ Therefore, the possibility to
achieve the formation of glassy shells covering the investigated NPs is a peculiar result of this
research that must be emphasized.
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5.7 Optical Analysis and Ln UC PL Emission

At first, we report about the optical properties of the SBYEx 750 series in order to evidence the
impact of the precursor loading level on the Ln UC PL properties. Figure 5.16a shows the diffuse
reflectance analysis of the samples as a function of the loading content. In the reflectance spectra,
at higher pore occupancy the absorption peaks of the lanthanide ions (Yb** and Er*") are clearly
detectable. By considering the direct bandgap nature of Bi2SiOs, described by first-principles
calculations of the band structure by Kuwabara et al.,’! Park et al’> and Zhang et al.,*® the
bandgap energy of the samples was estimated plotting the (F(R) * hv)? versus hv (Figure 5.16b).
We obtained an energy value of 3.8 eV for the samples loaded at 25, 50 and 100 vol%, in the
range of the typical values reported for Bi silicates, while for the SBYE»s_750 sample a bandgap
of 4.2 eV was calculated, as already reported in Section 5.3.
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Figure 5.16 Diffuse reflectance spectra (a) and bandgap estimation for the SBYEx 750 series (b).

Figure 5.17a shows the upconversion luminescence spectra in the visible range, collected upon
laser diode excitation at 980 nm. We can recognize two main features related to Er*" *S3n—*11s1
and 2H112—*115,2 transitions, in the green region of the e.m. spectrum, and *Fo2—*115/2 transition,
in the red one.

It is well known that the emission spectral shape reflects the structural environment surrounding
the luminescent center. For the high-loaded samples, the presence of quite sharp structures can be
linked to the presence of a crystalline site (or more) accommodating the lanthanide ions. As
evidenced by SBYE 125 750 sample, in the case of moderate loading a broadening of the emission
features can suggest an amorphous-like environment. Figure 5.17b evidences the different spectral
shape between SBYEi25 750 and SBYEi00 750 samples. In addition to this, also a variation in
the relative ratio between the emissions falling in the green and in the red is observed.
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By considering the two extreme MSN impregnation conditions, these differences in the UC PL
emission spectra are in agreement with the distinct behaviour observed from the structural and
morphological point of view. In fact, if at low loading level the Ln ions are hosted in a matrix that
consists in an amorphous silica matrix, embedding Bi doped aggregates so small that the
crystalline character is lacking, at high loading level, the Ln ions are in presence of a stabilized
core-shell structure, with a crystalline Bi2SiOs core.
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Figure 5.17 (a) UC PL emission spectra as a function of loading into MSNs and (b,c) comparison of the
green and red emission shapes at the lower and highest loading.

With the aim to explore the suitability of the investigated material for the realization of a new
class of UC nanophosphors, the emission properties and the resulting color output tunability was
investigated by doping, through impregnation method, a series of MSN samples with different
combination of lanthanide ions typically used for the generating upconverting systems (Yb** and
one or more among Er**, Ho®" and Tm?" ions). Figure 5.18a and b show, respectively, the UC PL
spectra for the synthesized samples (preparation reported in Section 5.2) and the relative colour
output as resulting from the reported pictures and CIE diagram. In regard to the assignment of the
Ln transitions originating the observed PL features, one can refer to Chapter 4. About the pictures
shown in Figure 5.18b, it is worth noticing the bright emission originating from the 980 nm
irradiated samples and, in view of the realization of a white-emitting LED, the remarkable result
obtained with the reported example of triple Ln doped SBYETH sample.

Table 5.7 summarizes the CIE colour coordinates (X,y) of the samples under 980 nm excitation.

Table 5.7 CIE Colour Coordinates (x,y) for the samples under 980 nm excitation.

Sample  CIE(x,y)
SBYE  (0.31,0.68)
SBYH  (0.65,0.34)
SBYT  (0.25,0.13)

SBYET1 (0.26,0.26)
SBYET2 (0.27,0.43)
SBYTH  (0.39,0.20)
SBYETH (0.41,0.32)
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Figure 5.18 (a) UC PL spectra and (b) relative photographs under 980 nm irradiation with CIE diagram
for all the samples.

As a final consideration, we underline that a remarkable advantage of silica based nanosystems is
the availability of several techniques for surface functionalization, based on the well-developed
silane chemistry. Moreover, the easy control of the color output by acting on the UC properties of
the systems, the low toxicity of materials and the stability of the silicates, allow to consider this
system as a promising candidate in different application fields, like anti-counterfeiting,
bioimaging, lightening, optical storage and lasing.

5.8 Conclusions

In this Chapter, we have discussed the synthesis of Ln doped Bi silicate based UC nanophosphors
obtained through MSN impregnation. The main purpose of this research was to investigate of the
impact of both thermal treatment temperature and Bi loading on the overall properties of the
synthesized material. We have shown a clear structural and morphological evolution of the
impregnated MSNs, demonstrating (i) the stabilization of the metastable Bi2S10s phase in virtue
of the presence of MSN mesochannels acting as nanoreactors, and (ii) the unexpected resulting
formation of a peculiar core-shell nanosystem composed by a crystalline Bi2SiOs core and a glassy
silica shell. In particular, the key role of bismuth in the core-shell self-assembly process formation
was assessed and a tentative mechanism of formation was proposed. Moreover, the incorporation
of lanthanide ions promotes the activation of PL emission under near-IR excitation. The UC PL
properties were investigated, showing the possibility to a refined control of the UC output
emission in the whole CIE diagram by careful selection of the luminescent doping species and of
the relative concentration.
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The Bi-driven sealing effect on the MSN pores, leading to the formation of a glassy shell, can be
linked to the low silica melting point effect promoted by bismuth doping, and it can be considered
an effective method to develop a new class of nanosystems where an active phase (e.g. phosphors,
pigments, magnetic materials, UV filters), embedded in the NP core, is completely isolated from
the environment by means of dense, shielding shell, avoiding undesirable reactions with
surrounding medium, like photocatalytic processes or aging mechanisms, as examples. In
addition, the low toxicity and low cost of bismuth-based compounds, together with the easy
functionalization of the nanomaterial ensured by its silicon nature, allow to consider the new
systems very promising in a wide range of applications such as bioimaging, anti-counterfeiting
and lightening.

Materials and Methods

Experimental Details. X-Ray Powder Diffraction (XRPD) measurements were performed by means of a
Philips diffractometer with a PW 1319 goniometer with Bragg-Brentano geometry, equipped with a
focusing graphite monochromator and a proportional counter with a pulse-height discriminator. Nickel-
filtered Cu Ka radiation and a step-by-step technique were employed (steps of 0.05° in 28), with collection
time of 30 s per step. The crystallite size estimation has been performed by Scherrer analysis and the
instrumental line broadening has been evaluated by means of LaBs SRM660s standard by NIST. The
temperature dependent in situ Synchrotron Radiation X-ray powder diffraction (SR-XRPD) measurements
were collected at the MSX line of ELETTRA Synchrotron Light Laboratories of Trieste, using a quartz
glass capillary as sample holder.” Nitrogen adsorption-desorption isotherms were measured at liquid
nitrogen temperature using a Micrometrics ASAP 2010 system. Each sample has been degassed at 130 °C
overnight before the measurements. The Brunauer-Emmett-Teller (BET) equation was used to calculate
the specific surface area from adsorption data and the Barrett-Joyner-Halenda (BJH) model was used to
estimate the pore-size distribution from the adsorption branches of the isotherms. IR spectra were recorded
with a NEXUS-FT-IR instrument implementing a Nicolet AVATAR diffusive reflectance accessory. The
thermogravimetric analyses (TG-DSC) were performed in air from 30 to 900 °C with a heating rate of 20
°C min™'. Size and morphology of the nanoparticles and EDS analysis were carried out by a Carl Zeiss
Sigma VP Field Emission Scanning Electron Microscope (FE-SEM) equipped with a Bruker Quantax 200
microanalysis detector. The EDS spectra were collected at the same condition (20 KeV) for all the samples.
In addition, TEM images were taken at 300 kV with a JEOL3010 instrument with an ultrahigh resolution
(UHR) pole-piece (0.17 nm point resolution), equipped with a Gatan slow scan CCD camera (model 794).
The powders were dispersed in isopropyl alcohol by means of sonication and then deposited onto a holey
carbon film-coated copper grid.

The diffusive reflective UV-Vis (DRUV-Vis) spectra were collected with a JASCO V-570 UV-vis
spectrophotometer equipped with an integrating sphere accessory. Barium sulfate was used as reference.
Photoluminescence measurements were performed by using a CNI MDL-III-980 diode laser as 980 nm
photon pumping source, with output power of 2W over a spot of 5x8 mm? (power density of 5 W/cm?).
PL Emission spectra were acquired by means of a QE65 Pro Ocean Optics spectrometer.
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CHAPTER 6

Cr¥'-doped Bi:Gas04: Ratiometric Optical
Thermometer Based on Dual NIR Emission

Abstract Detailed spectroscopic analysis of the electronic configuration of Cr*" in
Bi2Ga4Opy is reported. The material exhibits unique luminescent properties arising from
the crystal field experienced by Cr**, with simultaneous strong sharp and broadband near-
infrared emissions from the °E and *T> excited states, in a wide range of temperature. The
system displays dual near-infrared emission with attractive maximum thermal sensitivity
of 0.7%-K! in the physiological temperature range. Moreover, the possibility to absorb
and emit in the first biological window, allows to consider the system as a new promising
candidate for ratiometric fluorescent thermal sensing in biotechnological applications.
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6.1 Introduction

Temperature is a fundamental thermodynamic parameter that plays a critical role in controlling
many biological and technological processes. Ratiometric optical thermometry based on
fluorescence intensity ratio (FIR) method is recently emerged as useful noninvasive technique
with unique advantages ranging from high spatial resolution and detection sensitivity to rapid
response, opening new possibilities for the comprehension of the rules governing the processes in
biological fluids and fast objects.'”> Hence, the design of new materials with suitable luminescent
properties for ratiometric optical thermal sensing has become an active research area.

As reported by E.J. McLaurin et al.,” dual-emitting thermal sensors may be categorized in three
main types by the strength of the electronic coupling governing population transfer between the
two emissive excited states: (i) decoupled, (i1) moderately coupled and (ii1) strongly coupled. In
the case of decoupled luminescent excited states, nonspecific environmental factors may change
differently the PL behaviour of the two luminophores, strongly limiting the accuracy of the
measurements. Similarly, even if electronically coupled, in a donor-acceptor pair the
concentration dependence of the luminescence output via energy transfer may affect the thermal
response. On the other hand, systems characterized by two excited states in thermal equilibrium
(strongly thermodynamically coupled) are highly selective for temperature because, in the case of
environmental factors affecting the overall quantum yield, the same Boltzmann PL intensity
distribution is ensured by fast population renormalization.” In this view, an ideal FIR technique-
based ratiometric optical thermometer for biological applications consists of a single-doped
material with two thermally-coupled excited states that may be excited and emit in the biological
optical windows, where both tissue absorption and scattering are minimized.®”

Among the great variety of luminescent materials proposed in the last decade as optical
thermometers, lanthanide-based systems have been extensively explored'® considering Yb-Er
upconverting nanoparticles,''"'* Eu single-doped'* and Tb-Eu pair-based systems,'>"'* or Dy,'%%
Pr and Tb doped materials.?! However, among the single-doped materials, up to now, only Nd**
doped systems**® seem to meet the requirements to both absorb and emit in the biological
window.

The possibility to tune and control the position and the relative intensity of the sharp 2E — ‘A
and the broadband “T» — %A transitions in the Cr**-doped materials, designing the host
properties, lead to a great interest in the scientific community. The discovery of the first laser (the
ruby laser) in 1960 by T.H. Maiman,”’ gave a big boost in the development of Cr**-based materials
and, more recently, a renewed interest in the design of Cr**-based luminescent materials
originated from the crucial role of chromium in persistent luminescent materials, working as an
electron trap and/or luminescent centre.”*** Owing to the peculiar near-infrared (NIR) emissions
coming from the 3d* electronic configuration of Cr**, many efforts were devoted to the design of
chromium-based thermal sensors. However, single-transition Cr**-based materials have been
mainly considered®>*! allowing the study of the thermal response by means of temperature
dependence of lifetimes, with strong limitation from the practical point of view.

In this Chapter, we report a spectroscopic investigation on Cr’*-doped Bi2Ga4O9 mullite system,
demonstrating its potentialities as rational optical thermal sensor arising from the peculiar crystal

130



Chapter 6 - Cr**-doped Bi,Ga;Og: Ratiometric Optical Thermometer

field experienced by Cr*" in this host. The reliability of the description of electronic configuration
of Cr** in Bi2GasOs is supported by the consistency between the experimental and theoretical
results. This new self-referencing thermometer is the first example of FIR technique based Cr**-
single-doped thermal sensor. The variation of the luminescent intensity ratio from the *T> and 2E
states allowed absolute measurements in the 77-450 K temperature range, with a relative
temperature sensitivity up to 0.7%-K-! in the physiological temperature range. Moreover, for the
best of our knowledge, this is the first non-lanthanide based material used as ratiometric
luminescent thermometer characterized by the possibility to both absorb and emit in the first
optical window of biological tissue.

6.2 Sample Preparation

Un-doped Bi2Ga4O9 (BG) and Cr**-doped Bi2Ga3.9709:Cro.03 (BG-Cr) samples were prepared by
solid-state reaction method. The chemical reagents Bi2O3 (4N), Ga203 (4N) and Cr203 (4N) were
used as starting materials, grounded in an alumina mortar to form homogeneous fine powder
mixtures and pressed into pellets (0.6 g, ¢ 15 mm) with a uniaxial loading of 50 MPa in a stainless
steel mold. Then, the pellets were fired at 950 °C for 6 h in air atmosphere.

6.3 Structural Analysis

The XRD pattern of the un-doped BG and Cr-doped BG-Cr samples in Figure 6.1a evidences the
stabilization of a single crystalline phase, corresponding to the orthorhombic Bi2GasO9 phase
(space group Pbam, JCPDS 01-072-1833). This phase belongs to the family of mullite-type
structures and is characterized by octahedral GaOs chains linked by tetrahedral Ga2O7 dimers and
by highly asymmetric BiO3 groups (Figure 6.1b). Moreover, in this compound the Bi 6s2 lone pair
electrons (LP) are stereochemically active.*
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Figure 6.1 X-ray diffraction spectra of BG and BG-Cr samples and crystalline mullite-type structure of
BizGa409.
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6.4 Optical Properties and Crystal Field Analysis: Tanabe-Sugano
Diagram

It is well known that the electronic states due to the 3d electrons of the outer shell of the transition
metal ions are strongly affected by the nearest environment. In particular, when a transition metal
ion, like Cr**, is incorporated in an octahedral site (On crystal field), the energy level splitting can
be expressed by the Tanabe-Sugano diagram™ and the energy level configuration can uniquely be
described by considering three key spectroscopic parameters: the crystal field strength Dg and the
two Racah parameters B and C.

In order to reliably estimate the parameters describing the Cr*" properties in this host (e.g. Racah
parameters B and C, 10Dg and Dg/B) and thus analyze the crystal field effect designing the
Tanabe-Sugano diagram for Cr’" ion in the octahedral site, we consider the conversion of the
spectra to the energy scale, converting the emission spectrum from photon flux per constant

wavelength interval to photon flux per constant energy interval by means of the conversion

dp(E)  dp(d) 12 44
formula —5 < — Ac.

Figure 6.2a shows the diffuse reflectance spectra of BG and BG-Cr samples. The introduction of
Cr** in the octahedral Ga®" site is responsible for the change of colour from slight yellow (un-
doped sample BG) to green (Cr-doped sample) as observed in the pictures of Figure 6.2a. The
spectrum of BG-Cr is composed of two main absorption bands in the visible range due to the
allowed transitions of Cr** (mainly *A2> — *T2 and *A2 — “T1). Moreover, the strong absorptions
from the A2 — 2E R-lines are also detected. From the diffuse reflectance analysis, considering
the Kubelka-Munk function® and the Tauc plot,*® an optical bandgap of 2.83+0.04 eV is estimated
for BG (see Figure 6.2b), in agreement with the theoretical value of 2.86 eV reported in
literature.*’
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Figure 6.2 Diffuse reflectance spectra of BG and BG-Cr samples with pictures of the samples (a) and
bandgap estimation of Bi»GasOy from the Tauc plot of the Kubelka-Munk function (b).
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Figure 6.3a displays the photoluminescence emission and excitation spectra of the Cr** doped
sample. The excitation spectrum consists of three main peaks due to the spin-allowed Cr** d-d
intra-transitions. The *A2> — “T2(t%e) absorption peak centred at about 625 nm is in good agreement
with the peak collected from the diffuse reflectance while the peaks due to the *A> — *Ti(te?) and
“A2 — “Ti(t%e) absorptions at about 340 nm and 445 nm, respectively, are not clearly detectable
in the reflectance spectrum because of the overlap with the absorption edge of the host. The PL
emission spectrum is composed by two sharp luminescence lines due to the spin-forbidden °E —
4As transitions (R-lines) at 702 and 710 nm and a broad luminescence band centred at about 800
nm due to the spin-allowed electronic transition from the excited state “T2g (*F) to the ground state
*A2g (*F). The simultaneous presence of both the narrow line emissions from the °E; and the
broadband emission from the *T2s excited state at RT is consistent with a situation of thermal
equilibrium between these two states, suggesting an intermediate crystal field splitting. It is
notable that the strong broad emission from the *T2¢ (*F) excited state lies in the middle of the first
NIR window (the biological window, 650-950 nm) and that the material can be also excited in the
same window, proving to be a promising system for the bio-field. Moreover, the emission range
well matches the highest sensitivity part of the typical silicon photomultiplier response curve, a
critical aspect for the practical use of the NIR emitting materials. In Figure 6.3b the comparison
of the emission spectrum of Cr**-doped BG with ruby is reported to point out the unusual
broadening of the *T2 — A transition.
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Figure 6.3 (a) PL and PLE spectra of Cr’* doped Bi»GasOy at RT, exciting at 442 nm and collecting at 800
nm respectively. (b) Comparison between Cr**-doped BG and ruby emissions.

10 Dq, B and C parameters can by directly estimated from the position of the excitation and
emission bands.** As previously discussed, the corrected values for the discussion of the
parameters were extrapolated from the energy scale spectra. The energies of the absorption peaks
for “Ti(t%), *T2(t%¢) and ’E were estimated to be 22422 cm™, 15748 cm and 14065 cm’!
respectively, while the broad emission band due to the *T2(t%¢) — *A: transition is centred at
12495 cm™. Dq parameter is directly obtained from the peak energy of the *A> — *T transition:
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B E(*4A; - *Ty)

D 6.1
q 0 (6.1)
while B and C Racah parameters can be estimated by the following equations:
2
AE,, _ 10 AE,,
B Dq Dq 62)
Dq AE, '
1> ( '/pq~ 8)
E(*E) 7.90B 1.8 (B?
C= ( ) - + — (6.3)
3.05 3.05 3.08\Dgq

where AE, =E ( 4T 1g) —F ( 4T 2g), the difference in energy between the “T1 and *T: states.
Considering the value of Dg (1574.8 cm™") and AE4; (6674 cm™) and substituting in the formulas,
B, C and Dq/B were estimated to be 681 cm™, 3019 cm™!, and 2.31 cm™ respectively. As reported
in Figure 6.4, the value of Dg/B is in agreement with the previous considerations of intermediate
crystal field for Cr’" in Bi2GasOo. It is important to remember that the value estimated for Dg/B
is an average value representative of the crystal field strength for the cation. In fact, in a real
system, the crystal field strength consists of a distribution of values reflecting the fluctuation of

the cation-anion distance induced by the lattice vibrations, defects and by local variations of the
structure.
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Figure 6.4 (a) Tanabe-Sugano diagram for d° ion in octahedral site symmetry with Dg/B (green dashed
vertical line) for Cr** in BG host.

It is interesting to underline that Dg/B and B values of Cr*" in BG are among the lowest and the
highest values, respectively, compare to other gallate-based materials (see Table 6.1). These
values reflect the particular crystal field surrounding of Cr*" ion in this material. To figure out this
behaviour, an insight into the parameters affecting the outer d orbitals is needed. Trueba et al.*’
demonstrated that the dominant contribution to the 10Dg value comes from the effective small
admixture of the antibonding eg(~x>-1?,z%) orbital with the deep ligands’ s-orbitals. Instead, the
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dominant covalency with valence ligands’ p-orbitals is responsible for the reduction of Racah
parameters. In fact, when a TM ion is introduced into a crystalline solid, the formation of chemical
bonds with ligands induces a delocalization of the outer d orbitals (nephelauxetic effect) leading
to a d-shell inter-electron repulsion decrease and thus a reduction of the Racah parameters B and
C.

Table 6.1 Cristal field splitting (Dq), Racah parameters (B and C), Dg/B and energy of the E level
for Cr** ion in various gallate-based host.

Compound Dg(cm™) B(cm') C(cm) Dg/B E(CE)(cm™) Ref.
CazGaxGesO14 1575 761 2811 2.07 14289 50
Gax0s 1667 529 3413 3.15 14286 51
LaGaO; 1914 589 3077 3.25 13713 52
LaSr,Ga; 102 1662 734 2984 2.26 14300 53
Laz_32LU2_61Ga3A07012 1503 412 3751 3.65 14450 54
La3GasSiO4 1695 680 3443 2.49 15366 55
LazGaGesOi¢ 1745 654 3124 2.67 14286 56
LazGassNbosO14 1550 620 3099 2.50 13904 57
LiGasO2 1694 565 3233 3.00 13982 58
Y3GasO2 1613 651 3214 2.48 14472 59
7ZnGaOy4 1840 553 3461 3.33 14569 60
Bi,GasOy 1575 681 3019 2.31 14065 This work

To investigate the relationship between the energies of the lowest energy spin-forbidden transition
(*Eg — *Aag for d® configuration like Cr**) and covalence of the “metal-ligand” chemical bonds,

B

2 2
Brik and co-workers®! introduced a new parameter, 5; = (B—) + (CE) , where B, C and Bo, Co
0 0

are the Racah parameters in crystal and free state, respectively (Bi=918 cm™ and Cy=3850 cm™).
The plot of *Eg energy versus fi for a set of gallate-based hosts shown in Figure 6.5 confirms the
reliability of the results for Cr**-doped Bi2Ga4Oo. (Table 6.1 summarizes the parameters for the
different gallate-based hosts and the references).
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Figure 6.5 Dependence of the “E level energy on the nephelauxetic ratio 3 for various gallate-based
materials.
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6.5 PL Temperature Dependence: Thermal Quenching Process

With the dual aims of analysing the thermal response of Cr**-doped BG system and investigating
in detail the electronic configuration and the parameters describing the coupling with the phonon
lattice, the temperature dependent PL emission spectra were analyzed. The spectra reported in
Figure 6.6a show the strong thermal quenching of the system at the increasing of the temperature.
In order to emphasize the temperature dependence of the emission spectral shape, the PL spectra
were normalized to the R-line, labelled as Ri (Figure 6.6b). The trend evidences a strong increase
of the broad emission from *T2 respect to the spin-forbidden R-line emission at the increase of the
temperature, suggesting a thermally activated process between the excited states.
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Figure 6.6 Temperature dependence of PL spectra (a) and temperature dependence of PL emission spectra,
normalized to the E R-line (b).

The intrinsic anharmonic phonon behaviour of Bi2Ga4O9 ®* does not allow a clear interpretation
of the vibronic progressions in the low temperature spectra. In fact, the coupling of the electronic
transitions with different vibrational modes induces the overlap of the vibrationally excited state
progressions resulting in a phonon sideband of difficult interpretation. To analyze the temperature
dependence of the excited states 2E and *T> individually, the spectra were deconvoluted. The peaks
were deconvoluted with Gaussian functions and all the transitions from the 2E excited state (the
sharp emissions from the zero phonon line and from the phonon sideband) were deconvoluted
with the same full width at half maximum FWHM, at each temperature. Figure 6.7 shows the
deconvolution of the spectra at 100 and 450 K as example.

Figure 6.7c shows the temperature dependence of the integrated PL intensity, derived from the
deconvolution of the spectra, for both 2E — A and *T2 — *A transitions. From the trend of the
T, integrated PL intensity, the quenching temperature Tso (temperature at which the intensity
become the 50% of that one at low temperature) is estimated to be 450 K. The activation energy
for the thermal quenching process is calculated according to the single barrier model:

Iy

(6.4)
1+ (To/Ty)exp(— E/kT)

I(T) =
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where / is the PL intensity, I'v the radiative rate, I'o the attempt rate of the non-radiative process,
E the activation energy, & the Boltzmann constant and 7 the temperature. The activation energy
for the thermal quenching process of the T2 excited state AE*r, is estimated to be 3431 cm™. In
contrast, the trend of the 2E excited state evidences a continuous decrease with increasing
temperature but, at low temperature, it does not reach a plateau, suggesting the existence of a
quenching process at very low temperature.
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Figure 6.7 (a,b) Deconvolution of the PL spectra collected at 100 and 450 K. (c) Temperature dependence

of integrated PL intensities of the transitions from °E (red circles) and *T, (black squares), and fit (black
dashed curve) for the thermal quenching process of the *“T, luminescent emission.

In order to investigate the nature of the two sharp lines at about 699 nm and 710 nm (labelled as
R2 and R respectively), by following the Boltzmann equation:

I

£ exp (—
Ip,

AE ) 6.5)

kT
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the logarithm of the integrated intensity ratio of the two peaks versus 1/T was plotted (Figure
6.8a). The good linearity confirms the thermal equilibrium between Ri and R: and thus
demonstrates/suggests that the replacing of Cr** into the octahedral site of Ga®" leads to the
splitting of *E state into two R-lines because of low symmetry site. Comparing AE calculated from
the spectra of Figure 6.8b (AE~170 cm™') with that one estimated from the Arrhenius plot (AE~
122 em™) we can observe a good agreement between these values. The discrepancy of the value
can be explained by the disorder on the octahedral sites. Moreover, the typical observed split of
’E (e.g. in ruby®®) consists of about 29 cm™ thus it is notable how Bi 6s° lone electron pair may
play a key role in the distortion of the Cr’* site inducing such a large unusual splitting.
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Figure 6.8 (a) Arrhenius plot for the two R-lines (R; and R,) and (b) comparison between the R-line
splitting of Cr’" in the PL spectra at 80 K and 300 K.

6.6 Low Temperature Analysis: ZPLs, Vibrational Energy ho and
Huang-Rhys Parameters S

The PLE spectrum collected at 77 K and the high resolution spectra of the area labelled as A and
B are shown in Figure 6.9. As in the excitation spectrum at room temperature (Figure 2b), the
excitation spectrum at 77 K shows the typical absorption bands from *A: to the *Ti(t%e), “Ti(te?)
and *Ta(t%) excited states, and the strong absorptions of the R-lines. Furthermore, in order to
investigate in detail the new absorption peaks revealed at low temperature in the regions A and B,
high resolution spectra were collected. The high-resolution spectrum at 77 K of the *A> — 4Ti(te?)
absorption peak (region A) evidences a first peak at about 20290 cm™' that can be ascribed to the
“T zero phonon line (ZPL) and a first vibronic transition at 20900 cm™'. Hence, we estimated a
vibrational energy ho of the excited state “T1 of about 610 cm™'. Besides the sharp lines at 14108
cm™! and 14282 cm™ ascribed to the Ri and Rz R-lines (zero phonon lines), the high resolution
spectrum of the region B has disclosed two weak peaks at 13950 cm™ and 14560 cm™.
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Figure 6.9 (a) PLE spectrum collecting at 800 nm at 77 K and magnification of the (A) *T; zero phonon
line and first vibrational state, and (B) °E and *T, absorption peaks, both in the energy scale.

In order to estimate the theoretical position of the ZPL of *T2, the related Stokes shift Estokes was
evaluated. As underlined by de Jong et al.,** a comparison with the theory requires the correction
of the experimental spectra by dividing a factor E° before the analysis. Considering this correction,
a Stokes shift of 3500 cm™ was calculated (Figure 6.10), thus the ZPL of *T2 can be estimated as

E ( 4T2)ZPL = Eem( 4T2) + Egtokes/ 2, leading to a theoretical value of 13850 cm!. Taking into

account the error in the estimation of peak maximum for emission and excitation spectra, we can
consider the theoretical value in agreement with the peak at 13950 cm™. Moreover, in view of this
result, the peak at 14560 cm™'can be assign to the first vibronic transition of “T2 and the distance
from the zero phonon line gives a vibrational energy ho of 610 cm™!, the same value estimated for
the vibrational energy of the *T1 excited state.
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Figure 6.10 Specular corrected energy scale PL and PLE spectra of Cr** doped BG for the calculation of
the Stokes shift of “Ts.
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In addition to the vibrational energy hw, the effect of the lattice vibration on the transitions
behaviour is described by the Huang-Rhys parameter S that points out the strength of the electron-
phonon coupling. Considering the vibrational energy hw (610 cm™) and the Stokes shift energy
Esiokes (3500 cm) estimated, the electron-phonon coupling constant S of *T1 and “T2 was
estimated by the following equations:*®

E(*1) - E(*Ty)

_ ZPL ~
Sap, = — = 3.44 (6.6)
E
Sap, = % = 2.87 (6.7)

while the Huang-Rhys parameter for °E was evaluated from the equation I,p, = Ipe™5, as:

Iy
Sy =In (—) ~ 0.6 (6.8)
ZPL

where Izp. and o are the integrated area of the ZPL and the total emission lines (ZPL and
multiphonon transitions) of the spectrum, respectively. For what concern 2E, taking into account
the errors in the calculations, Figure 6.11 demonstrates the temperature independent behaviour of
S parameter.
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Figure 6.11 Temperature dependence of the Huang-Rhys parameter S for the E excited state.

The resulting values for the different excited states are in agreement with the expected range of
values. In fact, when the electron-phonon coupling strength is weak (typically S<I) an intense
ZPL is expected in the spectrum (as for the *E, with $=0.6), while, when the coupling is strong,
the ZPL cannot be separate by the RT spectral structure (as for *T1 and *T2, with $=3.44 and 2.87,
respectively).

6.7 Temperature Dependence of Decay and Rise Curves

Figure 6.12a and b show the temperature dependent decay and rise curves of Eg and Tz
emissions of Cr*", respectively. The curves were collected monitoring the emissions at 710 nm
and 780 nm upon pulsed excitation at 466 nm.
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Figure 6.12 Logarithmic scale of decay curves monitoring the emission of Cr’* at 710 nm (a) and 780 nm
(b) by excitation at 466 nm.

Each time-resolved curve was fitted by the following double exponential function:
=1, [_exp(_t/rrise) + exp(_t/rdecay)] (6.9)

where Trise and Tdecay represent the rise time and decay time, respectively. The resulting values of
decay and rise time are reported in Figure 6.13a and b, respectively.
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Figure 6.13 Temperature dependence of lifetime (a) and risetime (b) for ’E — *A, and ‘T, — ‘A,
transitions. The values for “E and *T are represented as red circles and black squares respectively.

The temperature dependence of the decay time for the “E state results equivalent to that one of the
4T, state. In principle, it is expected that the two excited states should be characterized by quite
different decay times, being in the order of ms or s scale, reflecting the different nature between
the spin-forbidden transition from E state and the spin-allowed one from *T> state, respectively.
Instead, in the present case the decay time decreases with the same behaviour for both the
emissions at increasing temperatures, suggesting a strong connection between the two states. The
similar values of decay time at each temperature strongly supports the idea of a mixing of the °E
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and *T2 excited states. The same situation ca be configured also by analysing the temperature trend
shown by the rise time estimates referred to the PL emissions at 710 nm and 780 nm.

6.8 Configurational Coordinate Diagram and Thermal Sensing

The configurational coordinate diagram (CCD) was designed by considering the absorption
energies of the small-offset state 2E at 14065 cm™', the broad absorption bands with larger-offset
states “T2 and *T1 near 15748 and 22422 cm™' and considering the relative zero-phonon lines for
Ty and T2 estimated at 20290 and 13850 cm’!, respectively. Moreover, in order to properly
describe the CCD for Cr’*, the effect of the lattice vibration on the transitions behaviour was
introduced, considering the Huang-Rhys parameters S previously calculated for each excited
states. In fact, the Huang-Rhys parameter points out the strength of electron-phonon coupling and
the shift of the minima of the adiabatic potentials (the parabolas of the CCD) giving a more
accurate description. The following equation was used to describe the parabolic potential curve
of the generic excited state ES:

2
Egs = EzpLEs + Seshwgs < - 1) (6.10)
AQe,ES

where EzrL is the zero phonon line energy, S the Huang-Rhys parameter, Zw the vibrational energy
and AQk. the offset position. The diagram depicted by considering the effect of the lattice vibration
(Figure 6.14) explains the thermally activated quenching process of the *T2 in terms of
nonradiative relaxation process from the “T: potential curve to the “A> ground potential curve
through the crossing point in the configurational coordinate diagram. Moreover, the design of the
detailed CCD makes light also on the strong quenching of *E at low temperature that seems to be
related to the particular electronic configuration of Cr** in Bi2Ga4Oo.
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Figure 6.14 Configurational coordinate diagram (open circles corresponds to the ZPLs and absorption
peaks of the excited states). Straight arrows designate radiative processes. The diagram is drawn to match
the actual energies measured for the ZPLs and the emission and excitation maxima. AE"r; is the activation
energy of the thermal quenching process.
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Considering the multiplet energy level diagram as a function of Cr-O bond length proposed by
Ogasawara et al.*> and the average value of about 1.99 A for the length bond in the octahedral site
of Ga*" in Bi2GasQOo, we confirmed the consistency of our estimations. In fact, for a Cr-O length
bond of about 1.99 A, the theoretical calculation of the multiplet energies predicts the intersection
between E and “T: states, in good agreement with our experimental results. However, a precise
analysis of the energy levels configuration obtained from these theoretical calculations shows a
scenario in which the energy of ?Eg state is slightly lower than the T2 energy, in contradiction
with our previous detailed CCD design. This discrepancy can be bridged by considering the
difference of bond length of Cr-O compared with Ga-O in the same site. In fact, the difference of
electronegativity between Cr’" and O* and between Ga** and O* (1.78 and 1.63, respectively””)
give reason for a more ionic character of Cr**-O?" bonds respect to Ga**-O?". Consequently, the
average Cr’*-O* distances are slightly longer than Ga*'-O%*, confirming a perfect agreement
between experimental and theoretical calculations.

To assess the potential of this system as a thermometer, its photoluminescence was investigated
in 80-600 K range (Figure 6.6). The linearity of the Arrhenius plot showed in Figure 6.15a
evidences the thermal equilibrium between the “T2 and *E states in the 150-500 K range, with AE
=390 cm’!, in good agreement with the value estimated by the CCD design.
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Figure 6.15 (a) Plot of In(I*ro/ I?g) versus 1/T to calibrate the thermometer. (b) Temperature dependence
of PL emission spectra in the 290-350 K range, normalized to the °E R-line. (c) Relative sensitivity of the
thermometers based on the R,-R; and *T»-’E couples in the corresponding temperature regions of the
linearity for the Boltzmann law. (d) Temperature uncertainty (in log scale) estimated using Eq. 6.12.
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The absolute temperature is inferred by considering the experimental parameters Ar and Atk
defined as the integrated intensity ratio of the R2 and R1 peaks and of “T2 — %Az and ’E — “As
transitions, respectively. In this particular case, the variation with temperature of the intensity
ratio of the R2 and Ri peaks and of T2 — *A; and ?E — *A; transitions are both demonstrated to
follow the Boltzmann thermal distribution (Figure 6.8a and Figure 6.15a, respectively), ensuring
the temperature measurement reliability.

To compare the thermometric performance of different thermometers irrespective to their nature,
we considered the figure of merit described by the relative sensitivity Sy, defined as:'

10A

T AQT

Figure 6.15c¢ depicts the temperature dependence of the relative sensitivity for the two pairs of

thermally coupled excited states in Cr**-doped Bi2Ga4Q. In general, the relative sensitivity of the

T»-’E pair is higher than that of the R2-R1 one, as expected by the difference in the AE values. It

is notable that the *T2-°E pair shows a maximum value of S- of 0.70 + 0.02 %K' in the

physiological temperature range. Figure 6.15b points out the great sensitivity of Bi2GasQ9:Cr**

system to the temperature in the physiological range. Moreover, R2-Ri pair exhibits a promising
maximum value of 2.74 £ 0.06 %K' at 80 K, the lowest temperature explored in this study.

6.11)

The results confirm the possibility to use such material as ratiometric luminescent thermometer.
Moreover, it is worth mentioning that the system is characterized by two excited states couples,
both in thermal equilibrium in a wide range of temperature (150-500 K and 80-500 K for *T»-’E
and R2-R1 couples, respectively).

Considering the terms defining the relative sensitivity S, and the thermometric parameter A, the

estimate of the temperature uncertainty 8T can be achieved by the following relationship'”*
1 6A
5T = =22 6.12
S (6.12)

5A : . o o
where the term — contains the factor §A, that is the uncertainty in the determination of A.

The parameter 6T depends on the thermometer performance, quantified by S,., as well as on the
. . . . 8A. .. .

experimental set-up for the luminescence detection, since —is directly linked to the measurements

of the thermometer emission intensities and the relative uncertainties.

In general, for each specific detector a maximum signal-to-noise ratio (SNR) is provided, giving

the lowest uncertainty limit. Since the detector usually operates in less favourable conditions, for

two luminescent transitions with intensities of I, and Ip, respectively, whose relative ratio
determines the thermometric parameter

A=2 (6.13)

. 8A . Dy . : . :
the estimate of — can be obtained considering the uncertainty affecting the intensity

measurements:
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SA SIN%  /815\?
o8 _ <—A) +<—B) . (6.14)
I, I

For each transition, we can assume that

o _bw
= (6.15)

where &g, is the uncertainty determined by the readout fluctuations of the baseline and (I) is the
average intensity given by

[ I(E) dE
(I = ﬁ (6.16)

that, for each transition, is evaluated over the whole emission spectral region (E, < E < E;).

. o : A . : :

Finally, by substituting the estimated value of S, and — in Eq. 6.12, the quantification of the
temperature uncertainty 6T is achieved.

Figure 6.15d shows the temperature uncertainty for the two thermometers as a function of

temperature, suggesting that, if the *T2-2E pair can be used in almost all the temperature window
explored, the R2-R1 based thermometer may ensure an adequate reliability at low temperatures.
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Figure 6.16 Maximum relative sensitivity at the physiological temperatures (logarithmic scale) and
emission spectral range of BixGasOy:Cr’*, compared to other single-doped ratiometric luminescent
thermometers emitting in the first biological window: Gd,03:Nd**,*> YAG:Nd*",* NaYF4Nd** ** and
LaF3:Nd* .
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By comparing the relative sensitivity of the investigated system with some typical single-doped
materials exhibiting dual emission in the first biological window, reported in literature (Figure
6.16), it is pointed out that the Bi2GasOo:Cr*" system can be considered as a promising candidate
for ratiometric thermometry in biological field.

6.9 Conclusions

In this Chapter, we have proposed Cr**-doped Bi2Ga4Oo¢ as a new ratiometric luminescent
thermometer. Specifically, we have focused on the spectroscopic analysis of the system pointing
out the peculiar crystal field experienced by Cr**. As a result, the system displays the simultaneous
emission from the ’E — *A; and *T2 — #A» transitions, both falling in the first optical window.
For an accurate description of the Cr** electronic configuration, detailed experimental analysis
were compared with models and theoretical works reported in literature, ensuring the reliability
of the measurements. Finally, we have investigated the temperature dependence of the
luminescent response, evidencing two pairs of thermally coupled excited states in a wide range of
temperature. In addition, a maximum relative sensitivity of 0.70 + 0.02 %-K-! was achieved in the
physiological temperature range and the relative temperature uncertainties were estimated. Our
observations suggest Cr’*-doped Bi2Ga4O9 as a new promising candidate for luminescent
ratiometric thermal sensing in biological applications.

Materials and Methods

Experimental Details. The crystal phase was identified by XRD measurement (Shimadzu, Kyoto, Japan;
XRD6000). The diffuse reflectance spectra were collected by a spectrophotometer (Shimadzu, UV3600)
equipped with an integrating sphere.

The photoluminescence excitation (PLE) spectra were collected exciting with a 300 W Xe lamp (Asahi
Spectra, MAX-302) equipped with a monochromator (Nikon, G250) and detecting by Si photodiode (PD)
detector (Electro-Optical System Inc., S-025-H) equipped with a monochromator (Shimadzu, 675
grooves/mm). Photoluminescence (PL) spectra were measured exciting the samples with a 442 nm laser
diode (NDHB510APA-E, Nichia Co. Ltd.) and the spectra were collected by a CCD spectrometer (Ocean
Optics, QE65Pro) connected with an optical fiber. All the PL spectra were calibrated by using a standard
halogen lamp (Labsphere, SCL-600).

Low temperature PLE spectrum (80 K), temperature dependence of PL and of decay curves (80-700 K
range) were investigated setting the sample in a cryostat (Helitran LT3, Advanced Research Systems).

The luminescence decay measurements were carried out at varied temperatures from 80 K to 700 K using
the cryostat and a precise temperature controlled heater. The sample was excited by using a 466 nm dye
(Exciton, LD466) laser pumped with a nitrogen laser pulse excitation. The decay curves of fluorescence at
710 nm and 780 nm were detected by a PMT (Hamamtsu, R1104) equipped with a monochromator
(Shimadzu, 675 grooves/mm) and averaged on a digital oscilloscope (Yokogawa, DL1620).
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CHAPTER 7

Bismuth-activated CaSnQOj;: A Novel Persistent

Phosphor

Abstract Novel bismuth-activated phosphors are highly desirable due to their low
toxicity, low cost and promising optical properties. Here we demonstrated the
simultaneous stabilization of Bi** and Bi** ions in CaSnO3, discussing the energy transfer
between the two luminescent centers and the persistent luminescence performance. The
luminescence behaviour is compared to other Bi-activated CaBOs3 perovskites, discussing
the factors responsible for the metal-to-metal charge transfer character of the transitions.
Temperature dependence of PL emissions, combined with empirical models are exploited
to design the energy level diagram of the luminescent center respect to the conduction
band and valence band energies of the host. The persistent luminescence performances of
the material are analyzed and a tentative mechanism at the basis of the process is
proposed. Moreover, the effect of the codoping with Tb** or with Cr’* ions are
investigated. Our results suggest that low-cost and low-toxic Bi-doped CaSnOj;
perovskite could be a promising candidate for developing persistent luminescent
materials operating in the visible and in the NIR emission regions.
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7.1 Introduction

Bismuth-activated luminescent materials have attracted increasing attention in recent years owing
to their potentialities in a wide range of photonic applications such as new non-Ln phosphors,
broadband amplifiers and fiber lasers.'” These interesting properties of Bi-activated luminescent
materials arise from the easy involvement in chemical bonds of the p-orbitals allowing, in
principle, to a wide tunability of emissions. In particular, over the intriguing optical properties
arising from the peculiar electronic configurations of bismuth ions, such as Bi** and Bi**, bismuth-
based compounds emerge due to their relatively low cost, large availability, stability and rather
low toxicity,*’ becoming particularly appealing also for biological applications.

Despite extensive efforts dedicated to the understanding of the optical properties of Bi** ion in
solids,®!” many fascinating aspects are still debates.'® The 'Sy ground state of Bi** free ion has a
6s? electronic configuration while the 6s'6p' configuration gives rise to the triplets *Po, *Py, P>
and singlet 'P; excited states. Transitions from the 'Sy ground state to the excited states *P1, P>
and 'P; are usually denoted as A, B and C, respectively. If the allowed C-transition is usually
located in the VUV region, 'Sy — >P; transitions (B-bands) is spin forbidden, while the 'Sy —
3P, transition (A-band) becomes allowed by spin-orbit coupling between *P; and 'P;. Finally, the
transition from the GS to the lower energy excited state *Py is strongly forbidden. Fast and parity
allowed 6s®> < 6s'6p! inter-configurational transitions may lead to efficient excitations and
emissions in Bi*"-activated materials. However, many different luminescent signals ascribed to
Bi-related structures are also frequently present and sometimes difficult to assign.'*'* The so
called D-state is of particular interest and it is usually considered to be originated from an impurity
trapped exciton (TE) state'” or describe as metal-to-metal charge transfer (MMCT) state.'

The recent interest in the development of Bi**-activated phosphors arises from their appealing
ability to absorb the blue light and emit in the orange/red to near-infrared (NIR) region, with
attractive perspectives in white-LED illumination devices charged by blue-LED.!” From the
pioneering works of Blasse et al. in 1994,'®!? other Bi**-doped materials were discovered in the
last two decades, showing a strong dependence of the absorption and emission on the selected
crystal field host.”’ The stabilization of such unstable ion was achieved only by reducing
atmosphere in particular hosts, such as borates,'*?* sulfates'®?* and phosphates.’*® Hence, the
stabilization of Bi** in mild conditions and in new host compounds is an important challenge.

Bi-activated phosphors have strong potentiality also as persistent phosphors because of the great
tunability of emissions over a wide range of wavelengths in the visible spectrum (Bi**) and in the
red to NIR region (Bi**), with a strong absorption and high quantum efficiency. However, to date,
even if bismuth codoping is reported as an effective method to enhance the persistent
performances in different hosts,”’”" only few studies on Bi-doped persistent luminescence
materials in which bismuth ions act as luminescent centers have been reported.’'° Moreover,
Bi**-activated phosphors with persistent luminescence in the NIR region are highly demanded,
being considered as the next generation materials for bio-imaging probes.

In this Chapter, we have investigated the luminescent properties of Bi-activated CaSnOs,
discussing the metal-to-metal charge transfer band nature respect to other CaBO3 perovskites
(B=Ti, Zr) and analyzing the temperature dependence of the luminescence. In addition, the
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persistent luminescent behaviour of the system is characterized and the effect of Tb and Cr
codoping is investigated, showing an interesting enhancement of the Bi** emission at 800 nm
induced by Cr*" ion.

7.2 Sample Preparation

Un-doped CaSnO; (CS), Bi-doped Cap995sSnOs:Bigoos (CS:Bi), Bi,Tb-codoped
Ca0.9925Sn03:Bi0.005Tbo.o02s (CS:Tb-Bi) and Bi,Cr-codoped Cao.9925Sn03:Bio.005Cro.0025 (CS:Cr-
Bi) samples were prepared by conventional solid-state reaction method. The chemical reagents
SnO; (4N), CaCOs3 (4N), Bi20O3 (4N), Tb2O3 (4N) and Cr203 (4N) were used as starting materials,
grounded in an alumina mortar to form homogeneous fine powder mixtures of the desire
composition. The mixture was calcined at 800 °C for 3 h, cooled, grounded again and pressed into
pellets (0.45 g, ¢ 15 mm) with a uniaxial loading of 50 MPa in a stainless steel mold. Then, the
pellets were fired at 1200 °C for 4 h in air atmosphere.

7.3 Structural and Optical Properties

XRPD diffraction patterns of the samples show the single phase stabilisation of CaSnO;
perovskite structure for all the samples (Figure 7.1). No other peaks are detected, confirming the
goodness of the synthesis and the successful introduction of the doping cations into the perovskite
structure. Alkaline-earth stannates of formula ASnOs; (4=Ca, Sr, Ba) belong to perovskite
structure class. BaSnOs has the ideal cubic perovskite structure composed by corner-sharing SnOg
octahedra with Ba®* ions into the cubo-octahedral cavities, while CaSnO3 and SrSnO; are both
distorted by cubic symmetry due to an octahedral tilting distortion with a consequent change in
the oxygen and A-site cation environments. Such a distortion (very common in perovskite®’*%),
in the case of calcium and strontium stannate, results in an orthorhombic crystal structure (Pnma

symmetry). Figure 7.1b shows the crystal structure of the orthorhombic CaSnOs3 perovskite.

Diffuse reflectance spectra of un-doped calcium stannate and Bi-doped CaSnOs are reported in
Figure 7.1c, showing a clear absorption peak with a maximum at 305 nm. Recently,
Yangthaisong®’ proposed an indirect bandgap semiconductor nature for orthorhombic CaSnO3 by
first principles calculations, in contrast with previous predictions of a direct-gap nature for this
perovskite,***! evidencing a still unclear situation regarding the semiconductor’s nature. Figure
7.1d displays Tauc plots*’ of the Kubelka-Munk function*’ (F(R)) for both direct and indirect
transitions. The (F(R)- hv)? versus hv plot yields a direct bandgap of 4.70 + 0.05 eV, while the
indirect bandgap extrapolated by (F(R)- hv)"? versus hv plot is estimated to be 4.39 + 0.05 eV, in

agreement with previous estimations reported in literature.***
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Figure 7.1 (a) XRPD patterns of the samples. (b) Crystalline structure of the perovskite CaSnOs and Ca**
and Sn*" sites. (c¢) Diffuse reflectance spectra of the CS and CS:Bi samples and (d) Tauc plot of Kubelka-
Munk function F(R) as a function of energy hv for CS obtained from optical reflectivity analysis. Assuming
indirect and direct transitions, absorption edges at 4.39 eV and 4.70 eV are observed, respectively.

Figure 7.2a shows the PL and PLE spectra of CS:Bi exciting at 310 nm and collecting at 460 nm,
respectively. The PLE spectrum is composed by two bands, with maximum peaks at 258 nm and
307 nm, respectively. The peak at higher energy (4.79 eV) can be assigned to the host exciton
absorption, in perfect agreement with the diffuse reflectance analysis (see Figure 7.2b) and the
bandgap energy estimation. The strong absorption by host exciton indicates efficient energy
transfer process from the host to the activators.

By considering (i) the large Stokes shift (1.33 eV) between the absorption peak at 307 nm and the
emission peaked at 460 nm, (ii) the low emission energy respect to the typical UV emissions of
Bi**-activated oxide materials and (iii) the large Full Width at Half Maximum (FWHM) of 0.66
eV, we assign this peak to the D-state, in agreement with the observations of Srivastava.*°
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Figure 7.2 (a) PL and PLE spectra of Bi-doped CaSnO3 sample, collected exciting at 310 nm and
collecting the emission at 460 nm, respectively. The picture is collected exciting the sample under the UV
lamp. (b) PLE (An=460 nm) and diffuse reflectance spectra comparison.

It is important to underline that, in addition to the MMCT emission, under 310 nm excitation, the
CS:Bi sample exhibits a weak photoluminescent band centred at 800 nm that can be ascribed to
P35, (1) — 2Py, transition of Bi** ion. In order to corroborate the goodness of this assignment,
PLE spectrum was collected following the emission at 800 nm (Figure 7.3a). The spectrum shows
the typical Bi*" absorption peaks due to the P12 — Sz and ?P12 — *P3p2 (2) at about 318 nm
and 500 nm, respectively (the scheme of energy levels of Bi*" is reported in Figure 7.3b). It is
worth mentioning that the stabilization of Bi*" ions was achieved by substituting Ca** ions,
without the need of reducing atmosphere. A Bi-activated CaSnO3 sample synthesized in inert
condition was prepared, showing the same luminescent properties of the sample treated in air
atmosphere.
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Figure 7.3 (a) PLE spectrum of Bi*" in CS collecting at 800 nm and (b) energy level diagram of the 6s*6p'
electronic configuration with spin-orbit (SO) coupling and crystal field (CF) splitting.
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7.4 Temperature Dependent PL and PLE

The temperature dependent PL emission spectra were analyzed in the temperature range of 80-
600 K. Figure 7.4a shows an evident decrease of the emission at 460 nm from the MMCT state at
increasing temperature, while the emission at about 800 nm ascribed to the 2P3» (1) — Pin
transition of Bi*" ion increases with the temperature. In addition, in agreement with the emission
spectrum collected at 10 K showed in ref 42, a weak peak due to the *Po.1 — 'So transition of Bi**
ion was detected at low temperature (Figure 7.4b).
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Figure 7.4 (a) Temperature dependence of PL emission of CS:Bi sample in the 80-600 K temperature
range. (b) Magnification of the PL spectra at 100, 200, 300 and 350 K with Bi** emission peak at 100 and
200 K. (¢) Deconvolution of the PL spectrum collected at 400 K. (d) Temperature dependence of integrated
PL intensities of the transitions from MMCT state (blue circles) and 2P3»(2) (red squares), and fit (blue
curve) for the thermal quenching processes of the luminescent emission for the MMCT state.

In order to properly describe the temperature dependence of the system, the energy scale spectra
(converted by considering the Jacobian transformation) were deconvoluted. Figure 7.4c shows, as
example, the deconvolution of the PL spectrum at 400 K. The plot of the integrated area intensities

of the two transitions as a function of temperature, reported in Figure 7.4d, can not be reproduced
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by means of the simple crossover quenching process described by Struck and Fonger model.*’
This indicates that several processes contribute to the luminescence quenching and two different
regions can be distinguished: (i) up to about 200 K, a first decrease process for the blue emission
seems to have no influence on the NIR emission of Bi*", which remains constant, while (ii) at
higher temperature, the decrease of the MMCT emission corresponds to an increase of NIR
emission from Bi*" excited state, at increasing temperature. The two different processes can be
well described by considering the following equation:

1(0)
1+ Crexp(—AE,/kgT) + Coexp(—AE,/ksT) (7.1)

I(T) =

The solid line in Figure 7.4d represents the best fit of the data (open circles) evidencing the
suitability of the model expressed by the equation. The fit allowed to estimate the activation
energies AE; (270£10 cm™) and AE, (2990120 cm™!) of the quenching processes evidenced for
the MMCT emission.

Figure 7.5a shows the temperature dependence of the PLE spectra, following the blue emission at
460 nm in a temperature range of 100-600 K.

As underline in the normalized view of the temperature dependence trend of PLE (Figure 7.5b),
a clear red-shift in the absorption peaks is shown with the increasing of the temperature. The trend
is consistent with the PL emission behaviour of the MMCT emission. Moreover, no other peaks
were detected.
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Figure 7.5 (a) Temperature dependence of PLE spectra of CS:Bi monitoring 460 nm emission and (b)
temperature dependence of PLE trend normalized to the D-state absorption peak.

7.5 Persistent Luminescence Performances and Thermoluminescence

In addition to the steady-state photoluminescence, CS:Bi shows persistent luminescence
properties. Figure 7.6 shows the photographs of the sample under UV lamp and at different times
after the ceasing of the exciting source, the persistent luminescence (PersL) spectrum and the
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persistent luminescence decay curve collected at 470 nm. In the persistent luminescence spectrum
of CS:Bi collected 10 s after the ceasing of the charging process, persistent luminescence from
both the MMCT-state transition and 2P3; (1) — 2P1 transition of Bi** were observed (Figure
7.6b).
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Figure 7.6 (a) Photographs under and after switching off the UV lamp at different times, (b) PersL
spectrum 10 s after the ceasing of the excitation source and (c) PersL decay curves of the CS:Bi sample.

It is interesting to note that the relative intensity of the two emissions is different respect to the
steady-state photoluminescence, with a relative increase of the peak due to the Bi** respect to the
MMCT transition. Even if the nature of a stable charge transfer state, able to become a persistent
luminescence center, is actually not clear (charge transfer states are usually transient states), other
persistent luminescent materials such as CaTiOs:Pr’" involve charge transfer states in the
persistent mechanism.*®*’ However, to the best of our knowledge, this is the first example of
persistent luminescence from a MMCT-state. The intensity of the persistence luminescence is not
strong enough to allow the measure of the persistent luminescence decay curve by means of
luminance, however the persistent emission can be watched by eyes for about one minute and the
decay curve (reported in double logarithmic scale) evidences the typical shape of persistent
materials.

The comparison of the steady-state photoluminescence spectrum with the PersL spectrum (Figure
7.7) evidences a significant red-shift of the emission from 460 nm to about 500 nm, while the
emission from Bi*" at about 800 nm remains unchanged.
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Figure 7.7 Comparison of the persistent luminescence (PersL) with the steady-state photoluminescence
(PL) spectra. Green peak represents the result of the MMCT emission peak fit.

A red-shift of PersL spectra respect to the steady-state one was reported in other materials such
as MALSi>;Os:Eu*" (M=Ca, Sr, Ba),”’ CaxGe7016:Nd**,”! CasSisNg:Eu** °>*% and Ca»SiS4:Eu?”,
Nd**.>* Li et al.>” imputed the red-shift in Ca>SisNg:Eu®" system to the presence of two different
crystallographic Ca-sites, while Clabau et al.>” suggested the perturbation induced by an oxygen
vacancy in the proximity to the crystal site of the alkaline-earth as the origin of the red-shift in
aluminosilicates. In CaSnO3, from the structural point of view, only one site is accessible for Ca*",
then site of substitution for Bi. However, the exact nature of the different behaviour characterizing
persistence and steady-state emission in not clear yet.

In order to investigate the trap distribution responsible for the persistence luminescence of the
material, the thermoluminescence (TL) glow curve of the CS:Bi sample was collected. The TL
curve shown in Figure 7.8, exhibits a peak at 136 K. To estimate the mean energy of the trap depth
Er, the simple formula reported by Urbach’® was used:
Tm
g, = m (72)
T 500
leading to a trap depth of 0.27 eV. This shallow traps explain the short persistent luminescence of
the material.
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Figure 7.8 Thermoluminescence (TL) glow curve of the CS:Bi sample collecting at 460 nm.
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Even if the nature of the trap level is unknown, it is interesting to note that the TL glow curve is
completely different from that one previously reported for other persistent systems in which
CaSnOs is used as host.”*>” Liang et al. reported a single TL peak at about 370 K for CaSnO;:Tb**
persistent system,’® while two TL peaks at about 325 and 350 K were reported for Sm**-doped
CaSnOs persistent phosphor.”” All this trap levels were assigned to defects generated by the
introduction of the trivalent lanthanide ions to replace the divalent Ca>*. Hence, in our system, the
trap level seems to be associated to bismuth ions or bismuth induced defects of a different nature.

7.6 Vacuum Referred Binding Energies of MMCT and Bi** in CaSnO3

By a detailed analysis of experimental data reported in literature, Boutinaud et al.'® proposed a
model to predict the energy of MMCT transitions in oxide compound containing Bi**. For a M™*
with coordination numbers larger than 4 (as in the case of Sn*"), the following empirical equations
was proposed:

XcCN' (Mn+)

dCOTT

MMCT(Bi**,cm™1) = 55000 — 45500 (7.3)
xen:(M™) is the electronegativity (considering the new scale reported by Li and Xue®) for the
host cations M™* with coordination number CN’ and d_,, is the shortest distances between the
M™* site and the cation site available for Bi** (Ca*" in this work), corrected to the anion relaxation
effect by considering the following formula:’

1
dcorr = Anost + 2 [r(Bi**) — r(host)] (7.4)

where r(Bi3*) is the Bi** ionic radius and r (host) is the ionic radius of the host cation substituted
by Bi** ion. With this model, the absorption into the MMCT state (D-state) is predicted to occur
at about 316 nm, confirming the assumption of a MMCT-state nature (Bi**+Sn*'—Bi5++Sn2+)
of the peak observed in the excitation spectrum of CS:Bi. In addition, the luminescence from the
MMCT-state gives rise to the broadband Stokes-shifted emission. It is important to note that the
charge transfer mechanism considered herein between Bi** and Sn*" results in a two electrons
process. In addition, from the structural point of view, the distorted orthorhombic perovskite
structure is characterized by a short distance between the Sn** ion site and the Bi*" substituting
site of Ca** ion, promoting the process.

With the aim to compare the bismuth luminescence in different 42*B*'Os-type orthorhombic
perovskite structures and try to spread light on the metal-to-metal charge transfer state behaviour
of Bi in such compounds, CaTi03:Bi1 and CaZrOs;:Bi samples were synthesized. Both the samples
showed orthorhombic Pnma perovskite structure and no other peaks were detected, ensuring the
goodness of the synthesis (not shown).

Figure 7.9a shows the typical luminescent features of the CaBO3:Bi systems (B=Ti, Sn, Zr). The
photoluminescence analyses are in agreement with the optical behaviour reported in
literature, '#46:%0
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Figure 7.9 (a) PL and PLE spectra for CaBO3:Bi systems (B=Zr, Sn, Ti) and vacuum referred binding
energy (VRBE) diagram constructed by experimental and theoretical data. The red circles represent the 'Sy
ground state energy estimated from the theoretical values calculated for the MMCT-state absorption using
Equ. 7.3.°

By considering the equation proposed by Boutinaud et al.'* and the same definition of corrected
distances d.,- and values of electronegativity EN previously reported, the theoretical MMCT
states energies were calculated and compared with experimental ones, as summarised in Table
7.1. It is important to point out that for a reliable calculation of the peak position, the spectra were
considered in energy scale after suitable transformation. A certain discrepancy between the values
in CaTi03 and CaZrOs is evidenced; however, for both the compounds, the discrepancy is within
the accuracy of £0.37 eV for the prediction of the MMCT energies,'® with a good consistency
between experimental and theoretical analyses.

Table 7.1 Experimental and calculated energy values of MMCT state, VB and CB for the CaBOs
perovskites doped with bismuth.

Perovskite EN* d,” (A) MMCTrheo (€V) MMCTey (eV) Ep®(eV) Ec%(eV)

CaZrOs:Bi  1.61 33 4.07 4.08 -8.39 -1.99
CaSnOs:Bi  1.706 3.225 3.84 4.04 -8.22 -3.17
CaTiOs3:Bi  1.73 3.19 3.76 3.50 -8.02 -4.07

@ electronegativity values from ref. 54; ® calculated from Equ. 7.4; © calculated from Equ. 7.3; ¢ VB and CB
energies of CaZrO; from ref. 61 and of CaSnOj; and CaTiO; from ref. 62.
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The photoluminescence emissions display a clear red-shift trend of the emission band moving
from CaZrOs to CaSnOj3; and CaTiOs. As reported in Table 7.1, this red-shift trend seems to be
related to the EN of the B*" cation and the d,,, distance, with an increase of the emission
wavelength (decrease of the energy) at the increasing EN and the consequent decreasing distances
between Bi** site and B*" in the structures. The electronegativity of B* ion directly influences
also the band structure of the CaBO3 perovskites.

To provide a detailed explanation about the effect of the different B*" cation choice on the optical
properties of Bi** for CaBOs perovskite family, the Dorenbos and Rogers approach,®® together
with the empirical model proposed by Boutinaud and Cavalli,'*!'* were considered. The energies
of the top of the valence band (VB) and the bottom of the conduction band (CB) used in the
construction of VRBE diagram of Figure 7.9b are summarised in Table 7.1. The energy of the
MMCT state represents the gap between the Bi** ground state 'S¢ and the bottom of the conduction
band, allowing the location of the Bi** ground state in the VRBE diagram (!So ground state from
the theoretical and experimental MMCT-state absorption are described as a red circle and a line,
respectively). Moreover, where visible by experiments, the first excited state *P; can also be
recognised. The VRBE diagrams of the Bi** respect to the MMCT-state for the three perovskites
are depicted in Figure 7.3b. As previously discussed, MMCT states are characterized by large
Stokes shift and FWHM, indicating such kind of character for CaSnO3 and CaTiO3, as shown in
Figure 7.9a, while CaZrOs emission can be ascribed to the first excited state *P; of Bi*". According
to the energies of the emission bands of CaTiO3:Bi and CaSnOs:Bi systems, the bottom of the
MMCT-state can be depicted in the diagram (dashed grey line). From this analysis, in regard to
the band structure of the CaBOs:Bi systems (B=Ti,Sn,Zr), it can be inferred that the EN and d .-
values of CaZrOs3 system seem to be the highest and lowest threshold values, respectively, for the
stabilization of the MMCT state with an energy lower than the first Bi*" excited state. Even if this
analysis is limited to the orthorhombic perovskite with CaBOs3 structure, this is an important
starting point for the development of new strategies for the design of Bi-based materials.

With the aim to disclose the mechanism of the persistent luminescence of Bi-activated CaSnO;
and to qualitatively describe the temperature dependence of the luminescence of the material, the
vacuum referred binding energy (VRBE) diagram with the energy levels of both Bi*" and Bi**
ions was built (see Figure 7.10). As previously discussed, the absolute values for the bottom of
the conduction band (-3.17) and the top of the valence band (-8.22 eV) of CaSnOs are taken from
ref. 62. Moreover, the MMCT absorption band at 4.04 eV allows to allocate the Bi** ground state
ISp at -7.21 eV, and consequently, from the PL spectra, the energy level of the emitting MMCT
state and of the Py excited state can be estimated at -4.57 eV and -3.86 eV, respectively (as
inferred in Figure 7.9b).

The PL spectrum in Figure 7.2a shown the simultaneous emission from the MMCT state with the
Bi** emission band originating from the 2P32(1) excited state. Similar to that recently reported by
Awater and Dorenbos®* for Bi** in Li,BaP,07, 2P32(1) excited state is expected at an energy below
the CB and, in particular, to take into account the emission collected at high temperatures, 2P3/2(1)
is estimated to be located at least 1 eV below the bottom of the conduction band. In this way, by
considering the emission at 800 nm and based on the excitation energies in Figure 7.3, the ground
state P12 and the excited states *P32(1), 2P32(2) and Sy, are located at -5.72, -4.17, -3.24 and -
1.82 eV, respectively.
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Figure 7.10 Vacuum referred binding energy scheme of Bi** and Bi?* respect to the energy of the bottom
of the CB and the top of the VB of CaSnO; host.

Concerning the VRBE diagram depicted in Figure 7.10, it is interesting to consider the PL
temperature dependence behaviour described in Section 7.4. The trend of the PL area as a function
of the temperature for the MMCT state describes a situation in which two distinguished quenching
processes take place. The first process is characterized by a small activation energy AE; of 270+10
cm! (0.033 eV) in concomitance with a slight decrease of the Bi*" emission. The analysis was
conducted by exciting at 310 nm, bringing the electrons of both the Bi** and the Bi*" ground state
into the CB through which the electrons can move to the excited state of both the ions. The
activation energy of this first process at low temperature is consistent, within the errors, with the
energy difference between the *P32(2) excited state and the bottom of the CB (gap of 0.07 eV),
explaining the decrease of the Bi*" emission as a feeding process to the CB. At higher
temperatures, a second thermal process is linked to the decrease of the MMCT emission band with
the increase of the Bi*" emission at 800 nm. These simultaneous behaviours for the two emission
bands suggests a potential interaction between Bi** and Bi** ions and a different pathway respect
to the other thermal process occurring through the CB. Hence, by considering the VRBE diagram,
an excellent agreement between the MMCT state and 2P3;(1) energy gap (0.4 eV), and the
activation energy AE, of 2990+120 cm™ (0.37 eV) characterizing this second thermal process,
was found. This assumption suggests a thermally activated energy transfer process from the
MMCT state to the 2P3(1) excited state of Bi*" and it is consistent with the results of all the
reported analyses.

It is worth mentioning that for both the quenching processes, the activation energies show the
same small mismatch of about 0.04 eV with respect to the VRBE diagram energy levels previously
depicted, suggesting a slightly downshifted position of 0.04 eV for the energy levels of Bi*". In
this view, the potentiality of a comprehensive analysis that consider both experimental
temperature dependent PL behaviour and the theoretical VRBE diagram design is demonstrated.

TL analysis reported in Figure 7.8 has evidenced a trap distribution with a depth around 0.27 eV
below the bottom of the CB. By considering an electron trap level characterized by such trap
depth, the VRBE diagram depicted in Figure 7.11 allows to describe the possible persistent
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luminescence mechanism for CaSnO3:Bi system, in which trapping and detrapping processes
(solid black arrows and dashed orange arrows, respectively) consist in an electron transfer process
between luminescence centers and trapping via the conduction band. This mechanism accounts
for the simultaneous PersL emissions originating from both the excited states.
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Figure 7.11 Persistent luminescence process for Bi-activated CaSnOsz by VRBE diagram. Solid black and
dashed orange arrows represent the trapping and releasing processes, respectively.

7.7 Tb*" and Cr** co-doping Effect on Bi-activated CaSnO3

In addition to the Bi-single-doped sample, Bi-Tb and Bi-Cr codoped samples were synthesized.
The XRPD patterns confirm the single phase stabilization for both the samples (Figure 7.1a). The
diffuse reflectance spectrum of the Bi-Tb codoped sample reported in Figure 7.12 shows the same
behaviour of the single doped sample reported in Figure 7.1c, without evidence of Tb** absorption.
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Figure 7.12 Diffuse reflectance spectrum of CS:Bi,Tb sample.

However, once excited, the sample shows the simultaneous emission from the MMCT state and

from Tb** excited states (Figure 7.13). The PLE spectrum is composed by two absorption peaks
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due to the host absorption and MMCT state (Bi** — Sn*") at the same energies of the Bi-single-
doped sample, without other absorption peaks. Hence, the PLE spectrum suggests an energy
transfer from the charge transfer state to Tb*>" leading to the simultaneous emission from both the
MMCT-state and the Tb*>*, excited states. The picture of the sample under the UV lamp shown in
the inset of Figure 7.13, displays a similar color output with respect to the CS:Bi sample, apart for
a slightly green character due to the Tb** emissions.
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Figure 7.13 PL and PLE spectra of the Bi,Tb codoped CaSnOs sample exciting at 305 nm and collecting
at 510 nm, respectively.

In contrast with the PL color output, dominated by the MMCT emission band, in the PersL spectra
the relative intensity of the MMCT state with respect to the Tb** related transitions progressively
changes, with a greener character due to the typical Tb** f-f transitions. This trend can be
explained by the different pathway in the two distinct regimes. Figure 7.14 shows the PersL
spectra collected at different times and various photographs of the sample under and after the
ceasing of the UV lamp. In addition, as a comparison, Figure 7.15 evidences the same intensity
ratio between Tb*" and Bi-related peaks after 10 and 60 s, suggesting the same PersL mechanism.
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Figure 7.14 Persistent luminescence spectra of the CS:Bi,Tb sample as a function of time (10, 20, 40, 60,
240 s) after ceasing the exciting UV source.
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Figure 7.15 Comparison of the normalized PersL spectra collected 10 s and 60 s after ceasing of the UV
lamp.

TL glow curve of the CS:Bi,Tb sample is shown in Figure 7.16. By means of the simple Eq. 7.2,
a trap depth of 0.78 eV is estimated. The complete different shape of the TL glow curve respect
to that one obtained for the Bi-single-doped sample of Figure 7.8 attests the different kind of
trapping center induced by the non-equivalent substitution of Ca®" with trivalent lanthanide ions
like Tb*" or by Bi**, reflecting the deeply different nature of the lanthanide ions respect to that of
Bi*.

The peak at 391 K is in agreement with the TL peak at about 370-380 K reported by Liang et al.>®
for Tb**-doped CaSnOs. However, it is remarkable that, in our case, the TL peak is very broad.

T T T T T T e T T
0.035 | CS:Bi,Tb 301 K .
“’é‘ 0.030
c
S
o 0.025
_
£z
=
3 0.020
c
2
£ o015
-
l—
0.010 | i
A IR IR P SN ST BT PP B IR

100 150 200 250 300 350 400 450 500 550 600
Temperature (K)

Figure 7.16 Thermoluminescence (TL) glow curve of the CS:Bi,Tb codoped sample.

For a better comprehension of the mechanisms involved in the luminescent properties of
phosphors, we have previously demonstrated the potentialities of the VRBE diagram design.
Therefore, as described in Section 2.6, the values reported by Dorenbos®” for lanthanide ions in
CaSnOs together with the description reported below for Bi-single-activated CaSnO3z were used
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to build the VRBE diagram of Tb*", Bi** codoped CaSnOs (see Figure 7.17). The different nature
of the trap levels responsible for the PersL properties of the MMCT state and the Tb*" could be
responsible for the different ratio between the two luminescent center emissions in the steady-
state PL and PersL spectra. Nevertheless, to date, the reason is not completely understood.
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Figure 7.17 VRBE scheme of Bi** and Tb*" respect to the energy of the bottom of the CB and the top of
the VB of CaSnO;s host.

In conclusion, a sample synthetized codoping with bismuth and chromium is prepared, showing
a considerably different situation. First of all, it is interesting to point out the change of the powder
color into pink-red (picture in Figure 7.18). The diffuse reflectance spectrum evidences that this
behaviour can be linked to a very broad absorption band centered at about 520 nm. Even if red
color usually suggested the stabilization of Cr’", on the other hand Cr*" ion stabilization was
demonstrated in this kind of perovskite structure, and in particular in the case of CaSn03.%°%° The
absorption feature at 520 nm is thus related to the Cr in 4+ state.
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Figure 7.18 Diffuse reflectance spectrum of CS:Bi,Cr codoped sample and photograph of the sample.
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As emerging from the spectra of Figure 7.19, we observe the enhancement of the emission band
centered at 800 nm, presumably due to Bi** ion ?P32(1) = 2Py, transition and the suppression of
the blue emission at about 470 nm, due to the MMCT state. In addition, also the PersL spectrum

consists of just a single band emission at 800 nm that can be collected for about 2 minutes (Figure
7.19b).

Even if these are only preliminary results, it is worth remarkable that the system shows a single
persistent emission band that falls in the first biological window, with appealing properties as a
probe for bioimaging applications.
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Figure 7.19 (a) PLE and PL spectra of the CS:Bi,Cr sample, collecting at 800 nm and exciting at 310 nm,
respectively. (b) Persistent luminescent spectrum collected 10 seconds after ceasing the excitation source.

Finally, it should be pointed out that the reason of the enhancement of Bi** emission is still not
completely understood. However, we have hypothesized two possible causes: (1) from one hand,
an energy transfer from Cr*" to Bi** could take place but (2) from the other hand, a chemical
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stabilization of a higher number of Bi** ions induced by Cr** charge compensating effect, could
be responsible of the NIR emission enhancement.

7.8 Conclusions

In conclusion, the luminescent properties of Bi-activated CaSnO; system was investigated. The
steady-state luminescence properties were discussed by comparing experimental and theoretical
data, showing the simultaneous emission from both MMCT state and Bi*" ions. Moreover, a
comparison of the orthorhombic perovskite CaBO3:Bi systems (B=Ti,Sn,Zr) was provided,
discussing the key parameters influencing the band emission nature. The design of the VRBE
diagram, together with experimental PL temperature dependence analyses, were demonstrate to
be an efficient way for a comprehensive investigation of the optical properties of luminescent
materials.

CaSnOs;:Bi showed persistent luminescence, that, in principle, is rarely observed in Bi-activated
phosphors. Therefore, the persistent luminescence performances were tested and discussed by
means of the VRBE diagram constructed by considering the results of TL and PL analysis.

Finally, the effects of codoping with Tb or with Cr were explored, pointing out interesting
properties for both the Bi-Tb and Bi-Cr pairs. The persistent features of CS:Bi,Tb sample
evidenced an interesting behaviour with a different color output respect to the steady-state PL,
suggesting a possible different pathway for MMCT and Tb*'-related PersL, while the Cr**
codoping has showed the enhancement of the near-infrared Bi*>" emission in the first biological
window and the suppression of the blue emission band due to the MMCT state, resulting in a
persistent NIR single-band emitting material with promising characteristics as label for
bioimaging applications.

Materials and Methods

Experimental Details. The crystal phase was identified by XRPD measurement (Shimadzu, Kyoto, Japan;
XRD6000). The diffuse reflectance spectra were collected by a spectrophotometer (Shimadzu, UV3600)
equipped with an integrating sphere.

The photoluminescence excitation (PLE) spectra were collected exciting with a 300 W Xe lamp (Asahi
Spectra, MAX-302) equipped with a monochromator (Nikon, G250) and detecting by Si photodiode (PD)
detector (Electro-Optical System Inc., S-025-H) equipped with a monochromator (Shimadzu, 675
grooves/mm). Photoluminescence (PL) spectra were measured collecting with a CCD spectrometer (Ocean
Optics, QE65Pro) connected with an optical fiber. All the PL spectra were calibrated by using a standard
halogen lamp (Labsphere, SCL-600). Temperature dependence of PL and PLE (80-600 K) were
investigated setting the sample in a cryostat (Helitran LT3, Advanced Research Systems).
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The thermoluminescence (TL) glow curves were collected setting the samples in a cryostat (Helitran LT3,
Advanced Research Systems) to control the temperature (starting from 100 K), then the samples were
irradiated by D> lamp for 10 min and 10 minutes after the shout off of the excitation source the emissions
were detected by a PMT detector (R11041, Hamamatsu Photonics & Co. Ltd.,) covered with 350 nm short-
cut and 750 nm long-cut filters, with a heating rate of 10 K/min.

The persistent decay curve was recorded at RT (25 °C) after 5 min of UV irradiation with the same PMT
detector.
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CHAPTER 8

Bi,Er-codoped Y203 Nanocrystals: Broadband
Sensitization of Erbium Fluorescence

Abstract The enhancement of the low absorption cross section and widening of the
absorption range of the RE ions in the UV-blue region is still a challenge to develop
optical systems with high performance. In this Chapter we present the synthesis of Bi,Er-
codoped Y203 nanocrystals by means of Pechini type sol-gel process. X-ray powder
diffraction (XRPD) and transmission electron microscopy (TEM) were performed to
evaluate the nanocrystalline particle size and phase. Photoluminescence investigation in
the UV-Vis and IR regions showed that the presence of Bi’*" ions promotes the
strengthening of Er’" emitter properties. In particular, an Er’* sensitization process based
on a broadband energy transfer mediated by the Bi** ions in the C: site was evaluated,
resulting in a wavelength spread for the photostimulation of the rare earth emissions in
the visible and NIR range. We pointed out a resonant type via a dipole-dipole interaction
as the most probable mechanism of energy transfer. Moreover, the critical distance
between the Bi*" and Er’* ions was estimated to be of about 8.5 A.

Y,0; host
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8.1 Introduction

Inorganic light-emitting materials have received much attention for their versatility in devices
involving the artificial production of light such as fiber-optic amplifiers, waveguide lasers, and
displays'~ but also in photovoltaic and biomedical applications.*> The unique optical properties
of the rare-earth (RE) ions-doped nanophosphors, like the narrow emission bands and the long
radiative emission lifetimes,® due to their electronic configuration’ had made them among the
most studied systems.

The extensive use of Er** ion in optical systems is principally due to its “I132 — *I15,2 transition
around 1540 nm, exploited in telecom technology.® Because of the current development of high
speed optical communication systems, devices such as waveguide optical amplifiers are
required.”!! An Er-doped fiber amplifier (EDFA) is a standard device for long-distance optical
telecommunication, while the low solubility of the erbium ions represents a severe limitation for
possible applications in the field of miniature integrated optics, where high optical gain
performances over short distances are required.

In this context, the yttrium oxide (Y203) is a promising host because of the similarity of the Y**
and Er** ionic radii and the same crystal structure of Er203 and Y203, allowing, in principle, the
incorporation of a high Er concentration.'> Moreover, Y203 exhibits suitable properties as a high
refractive index, high melting point, low phonon energy, and high stability. Although this kind of
system is widely studied and used, overcoming the intrinsic low absorption cross section of the
RE ions in the UV-blue region can bring to a further improvement of the material optical
performances. Moreover, since the RE ion absorption spectrum consists of a set of sharp lines,
the widening of the Er3+ photoexcitation window is still a formidable challenge. In this regard, it
is well-known that the incorporation in the Er-doped host of sensitizers like other RE ions,'*°

S1,'!” or metal clusters'®2"

represents a way to enhance the Er luminescence properties in virtue
of the broadening of the spectral excitation range and the increase of the effective absorption cross

section.”!>*

In the past decade, the study of bismuth-based materials has attracted growing interest because of
the peculiar optical properties of the Bi*" ion, making them particularly suitable materials for
applications in various fields such as photocatalysis, photovoltaics, photonics, and sensors.””*’
This ion has 6s? electronic configuration ('So corresponds to the ground state, whereas >Po, P1,
and *P» label the first three excited states), and the luminescence of bismuth-doped materials is
strongly dependent on the host incorporating the Bi** ions. In the case of the Y203 matrix, the
peculiarity of this system lies in two different sites hosting the Bi*" ions (C> and Ss),”*> each
showing a proper optical behavior. Although the optical behavior of the bismuth ion in yttria has
already been object of several devoted studies, the investigation of the Bi- and Er-codoped Y203
system aiming at a strengthening of the Er absorption window and consequent photoemission
enhancement is still missing, to the best of our knowledge. In this context, it is worth mentioning
the study of Yang et al.***" focused on the analysis of the upconversion properties shown by Bi-
Er:Y20s-based samples.

Therefore, this investigation deals with the synthesis and the characterization of structural and
optical properties of Bi- and Er-codoped Y203 nanoparticles, highlighting the occurrence of an

efficient energy transfer process between the ions of the two doping species. The resulting rare
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earth sensitization and consequent improvement of the fluorescence properties suggests possible
application in the field of Er-based optical and photonic devices.

8.2 Sample Preparation

Materials. Y(NO3)3-6H20 (99.9%, Sigma-Aldrich), Bi(NO3)3-5H20 (99.99%, Sigma-Aldrich),
Er(NO3)3-5H20 (99.9%, Sigma-Aldrich), citric acid (99%, Carlo Erba), ethylene glycol (99.5%,
Acros Organics), and HNO3 60% (Sigma-Aldrich) were used for the preparation of the samples
without further purification.

Synthesis. The synthesis of monocrystalline nanoparticles was achieved by a modified Pechini-
type sol-gel process, whose details has been accounted in Chapter 4. Briefly, the synthesis consists
in the use of citric acid as complexing agent and chelating ligand for the Y**, Bi**, and Er*" ions,
following the reaction:

HNO3,H,0
XY (NO3); + yLn(NO3); + HOC(COOH)(CH,COOH), + HOCH,CH,0H —= Y,.05: Ln,,

where the molar proportions between the salts (x:y:z) were chosen according to the stoichiometry
of Y203 and the desired dopant concentrations; the molar ratio between the salts, the citric acid,
and the ethylene glycol was maintained in proportions of 1:3:4.5. The reaction was protracted for
about 12 h at 120 °C, and the products were calcined in a muffle kiln at 780 °C in air for about 2
h to obtain the final samples. Table 9.1 reports the nominal compositions and the labels of the
samples.

It is worth mentioning that the adopted range of the Er doping level was chosen in order to avoid
any concentration quenching phenomena, detrimental for the rare earth luminescence activity.*
Similar considerations have determined the choice of 1 at. % as Bi content for all the samples.*’

Table 8.1 Composition, Cell Length, and Volume-Weighted Average Crystallite Size of the Samples
Obtained from the Rietveld Refinements®

sample label sample formula a(A) crystallite size (nm)
Er0 Y1.98Bi0.0203 10.6094 41.5
Er0.25 Y1.975B10.02Er0.00503 10.6491 40.9
Er0.5 Y1.97B10.02Er0.0103 10.6487 44.1
Erl Y1.96B10.02E10.0203 10.6478 46.3
Er2 Y1.94B10.02E10.0403 10.6470 45.9

The uncertainties on the crystallites size of the samples are about 10%.
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8.3 Structural and Morphological Analysis

It is well established that Pechini method allows to synthesize monocrystalline ions-doped yttrium

oxide nanoparticles.***’ The presence of the single cubic phase (Ia3 space group, #160890) upon
the thermal treatment at 800 °C (Figure 8.1a) is in agreement with our expectations and
demonstrates the effectiveness of the synthesis route. The two different sites characterizing the
Y203 crystal structure are depicted in Figure 8.1b and c. If C> and Se.

¥,0; crystal structure

I

(a)
‘ | Bi1Er

Bi1Er0.25

Intensity

20) (degree)

. L S ! ’ L L !
0 2p 30 40 50 &0 VO 20 50 100 110 120 130 140

Figure 8.1. (a) XRPD patterns of the samples Bil Erx with x=0, 0.25, 0.5, 1 and 2. (b,c) Scheme of the low
symmetry site C; and the high symmetry site S5 of Y** in Y,0:s.

The results of the XRPD profile analysis by Rietveld full profile fitting method are summarized
in Table 8.1. Figure 8.2 shows how the introduction of Er** in the lattice brings a shrinkage of the
cell edge. The decrease of the cell parameter @ with increasing the content of erbium is due to the
smaller ionic radius of Er** with respect to that of Y>* (114.4 and 115.9 pm, respectively, when

these are coordinated to eight anions).
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Figure 8.2. Plot of the cell length versus erbium content.
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The high-resolution transmission electron microscope (HRTEM) micrograph reported in Figure
8.3 shows the synthesized nanoparticles of the sample Er2. As expected, the nanoparticles are
monocrystallines with dimensions of about 40 nm, in agreement with the crystallite size estimated
from the Rietveld analysis (reported in Table 8.1). The presence of bismuth and erbium after
calcination was checked by EDS analysis (Figure 8.3c), confirming that the dopant amount is in
agreement with the chemical formulas in Table 8.1.

Figure 8.3 TEM and HR-TEM micrographs (a,b) and EDS spectrum (c) of the sample Er2.

8.4 Optical Analysis: Photoluminescence Spectra and Decay Curves

In principle, the optical properties of a doping ion are influenced by the symmetry of the site
occupied in the crystalline host. The rare earth ions are not critically affected from the crystal field
due to their particular electronic structure, while the Bi*" ion is particularly sensitive, showing
deep change in the optical properties due to the influence of the local host structure. The two sites
(C2 and Ss) in which the Bi*" ions can substitute the Y>* ions in the cubic yttrium oxide structure
have different symmetry, with the C: site more asymmetric than the Ss one.

The photoluminescence analysis regarded the optical properties of the system in a range going
from the UV-vis edge up to the near-IR region. By choosing the appropriate excitation
wavelength, it was possible to selectively excite the Bi*" ions in the C: or in the Ss sites (see Figure
8.4) and then to discriminate their behaviour in relation with the luminescence activity shown by
the Er** ions.
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Figure 8.4 PL and PLE spectra of Bi** in C, (a) and Ss (b) sites of Y,0s3 and schematic representation of
the optical properties of Bi** in the two different sites (c,d). PL and PLE spectra of Bi** in C2 site were
collected exciting at 330 nm and following the 506 nm emission, respectively, while for Bi*" in S5 site
excitation and emission at 370 nm and 410 nm, respectively, were selected.

The luminescence properties of bismuth(III) ion in Y203 have been the focus of theoretical’®*’

and experimental’’ studies, allowing to confirm the predictions of Boulon*' on the energetic
levels of the ion in two specific sites of the host labeled as C> and Ss. So, now it is well established
that the Bi*" ion optical properties in the UV-vis are determined by the transitions involving the
'So ground state and the *P; excited one.

Figure 8.5 shows the visible photoluminescence emission (b, d) and excitation (a, c¢) spectra of
the single Bi-doped sample and the samples codoped with different content of erbium. Figure
8.5a,c shows an excitation band in the 300-400 nm range that is slightly shifted toward the UV in
the case of Bi*" ion in the C: site. On the other hand, in virtue of a more intense Stokes shift during
the internal relaxation after light absorption, the *P1 — 'So emission band for the Bi** ion in the
C: site results manifestly red-shifted with respect to the ion in the S site, as can be seen in Figure
8.5b,d. Moreover, our measurements revealed that these two emissions are comparable in
intensity. The PL spectra also include the sharp emission peaks of the Er*" ions, corresponding to
the 2H11/2/*S3/2 — 1152 (green emission) and *Fo2 — *I15/2 (red emission) transitions.
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Figure 8.5 Luminescence analysis of the Bi*" emission for the series of Bi-Er:Y,03 samples: PLE (a, c)
and PL (b, d) spectra collecting and exciting selectively the Bi** ions in the C: (a, b) and S5 (c, d) site.

It is worth pointing out that the used excitation wavelengths are not strictly resonant with any of
the rare earth absorption lines in the visible range. Therefore, this behavior suggests a possible
energy transfer process involving Bi*" and Er’* ions. Moreover, the observation of a progressive
decrease of the bismuth signal as the Er content increases can be taken as a further evidence of
such an interaction mechanism between the two ions. This hypothesis seems to be supported by
the analysis of the dynamics that characterizes the Bi** PL emission depending on the Er content.

Figure 8.6 reports the time-resolved PL curves at 506 nm by exciting the samples through the
third harmonic (355 nm) of a Nd:YAG laser, a wavelength that well matches the spectral range
for the Bi*" photostimulation. The observed trend accounts for the decay of the PL signal
generated by the Bi*" ion located in the C: site, and it is characterized by a progressive shortening
of the excited state lifetime as the Er content increases. In fact, we estimate that the lifetime drops
down from 0.6 ps for the Bi-doped sample up to 0.3 ps for the largest Er-doped one (Er2 sample).
This behavior can be ascribed to a loose in effectiveness of the overall PL process, with
consequent reduction of the Bi** °P; excited state lifetime, in virtue of the competitive energy
transfer mechanism when in the presence of the Er’* ion.
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Figure 8.6 Time decay curves for the PL signal taken at 506 nm; samples were excited at 355 nm by means
of the third harmonic of a Q-switched Nd:YAG laser.

From the point of view of the rare earth luminescence properties, Figure 8.7 reports the PL
spectrum obtained by 379 nm excitation and then in resonant pumping condition with the Er**
“Tis» — *Giu2 transition. It must be underlined that the spectral shape does not vary with the
erbium content. Moreover, it can be noted that a residual of the Bi** ion emission remains as a
background where the Er** signal floats on and it almost disappears as the rare earth content was
increased up to 2 at. %, in agreement to the behaviour evidenced above.
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Figure 8.7 Luminescence analysis of the Er’* green emission for the series of Bi-Er:Y,0; samples: (a)
comparison of the PLE spectra with light collection at 563 nm; (b) PL spectra under 379 nm excitation.
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Concerning the PLE spectra for the green emission (peaked at 563 nm) of Figure 8.7, the main
evidence is that not only the characteristic peaks in correspondence of the Er** ground-to-excited
states transitions appear, but these also include the characteristic features of Bi** light absorption
already showed in the PLE spectra of Figure 8.5, in particular the ones related to the C: site. This
is another clear evidence of the energy transfer mechanism between the two ions, whose nature
will be investigated later.

A similar behavior can be observed by analyzing the rare earth emission related to the *I132» —
1152 transition (NIR emission) falling around 1.5 pm, a wavelength range extremely appealing
for purpose of photonic applications. As shown in Figure 8.8, the PL spectrum is constituted by a
main peak centered at 1535 nm and a series of narrow features due to the Stark splitting effect.
Concerning the excitation mechanism, the PLE spectra taken at the NIR emission peak reproduce
the trend observed in the case of the green emission. The Er*" ion can be stimulated even by out-
of-resonance pumping mediated by strongly absorbing Bi** ions, predominantly in the C: state.
This originates an enhancement of the NIR emission together with a broadening of the excitation
spectrum, with interesting perspectives from a technological point of view.
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Figure 8.8 Luminescence analysis of the Er’* NIR emission for the series of Bi-Er:Y,0; samples: (a)
comparison of the PLE spectra with light collection at 1535 nm; (b) PL spectrum under non-resonant 330
nm excitation.

The fact that the energy transfer mechanism seems to be mainly triggered by Bi** ions in the C>
site can be due to a better spectral overlap with the rare earth energy levels than the ions in the Ss
site. In this regards, a careful observation of the PL spectra in Figure 8.5 suggests that the C> site’s
emission well matches the very sensitive absorption lines linked to the *Iis2 — *S3/2 and *1i52 —
2Hi12 transitions, whereas the Ss site’s one covers a weak Er photostimulation region. The diagram
of Figure 8.9a is a scheme for the energy levels of the two ions and gives a sketch of a possible
scenario for the discussed energy transfer mechanism.
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Figure 8.9 (a) Energy level diagram of the Bi-Er:Y,Oj3 system in which the possible absorption, emission,
and energy transfer processes are depicted. (b) PL intensity vs Er content trend for signals taken under
different excitation and emission wavelength conditions; for each series of data, PL values were normalized
to the intensity of the most luminescent sample.

To summarize the above observations, Figure 8.9b reports the trend as a function of the Er content
showed by the PL signal intensity for Bi** ion emission in the C: site and for both Er** green and
NIR emissions. The first impressive feature is the opposite trend showed by bismuth and erbium
green emissions when pumping directly on the absorption band of the post-transition metal ion:
whereas the PL signal peaked at 506 nm promptly falls down, losing half of its intensity already
with Er 0.5 at. % codoping level, the signal of the green emission increases with the rare earth
content up to Er 1 at. %. The observed reduction of this emission for Er2 sample can be related to
the fact that the PL signal at 563 nm includes also a component due to the tail of the Bi*" emission
that strongly shrinks with the Er content.

In this context, further considerations are achieved by analyzing the trend for the NIR emission.
Since no emissions ascribable to the Bi** ions occur in this range, we expect a linear increase of
the PL intensity at 1535 nm with the Er content. Actually, even though the increase is not fully
linear under resonant pumping with the Er** *I1s2 — *G112 transition, then indicating possible Er
concentration quenching effect beyond 1 at. %, on the other hand this saturation trend is more
pronounced by non-resonant excitation at 330 nm.

To motivate this observation, we have to consider that a full sensitization effect is achieved only
if the population of the Bi*" ions acting as energy transfer mediators is so dense to interact with
all the emitting Er** ions. Therefore, we hypothesize that this condition is lacking for the erbium
richest sample due to a low bismuth doping level. As a counterproof, future experiments will
regard the use of a larger Bi*" ion content aiming at maximizing the enhancement of the Er
luminescence properties. Moreover, since the Bi** ions in the C: sites, as the major promoters of
the energy transfer process, are just a fraction of the overall content, the control of both the host
structure and the dopant incorporation will be another key for increasing the optical performance
of the system.

The interesting possibility of tuning the colour emission by controlling the Bi/Er ratio is
underlined by the CIE x, y chromaticity diagram displayed in Figure 8.10a and the pictures of the

Bil and BilErl samples under 366 nm lamp in Figures 8.10b and c.
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(a) CIE Chromaticity Diagram
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Figure 8.10 CIE chromaticity diagram for the synthesized samples excited at 330 nm (circles) and 370 nm
(triangles) (a) and pictures of the Bil (b) and BilEr1 (c) samples under the 366 nm lamp.

Table 8.2 summarized the CIE colour coordinates (x,y) of the samples exciting at 330 nm or 370
nm.

Table 8.2 CIE Colour Coordinates (x,y) for the samples under 330 or 370 nm excitation.

Sample CIE(x,y) CIE(x,y)
Aex =330 nm A =370 nm
Er0 (0.26,0.45) (0.24,0.36)
Er0.25 (0.27,0.47) (0.26,0.41)
Er0.5 (0.27,0.48) (0.26,0.41)
Erl (0.28,0.51) (0.27,0.45)
Er2 (0.29,0.53) (0.28,0.47)

8.5 Energy Transfer Mechanism

Accounting for the peculiar optical properties showed by the synthesized Bi- and Er-codoped
Y203 nanoparticles, now we aim at getting deeper inside the energy transfer mechanism mediated
by the Bi* ion in the C: site.

As reported in the literature’”** the energy transfer efficiency ngy from Bi*" to Er** in Y203 can

be expressed by
Ner = Iso (8.1)
where g, and I are the luminescence intensity of the sensitizer (Bi**) in the absence and presence

of the activator (Er’"), respectively. Figure 8.11 shows the ngr trend for the Bi**(C2) — Er’*
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system, from which it is evident the increase of the energy transfer efficiency with increasing
erbium concentration. A maximum value of about 90% is calculated for the Er2 sample.
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Figure 8.11 Energy transfer efficiency versus erbium content. The dashed line is a guide for the eyes.

As described in ref. 39, the estimate of the average separation between the doping ions considering
a probabilistic approach from the discretization of the theory of Chandrasekhar® for the average
distance R between the particles in a random distribution of them, and we took advantage of some
specific geometric characteristics of the crystal under consideration.

We approximated the space group Ia3 of Y203 with the space group Fm3m (both cubic), in order
to describe the structure (designed as oxygen-free) as a series of concentric shells of yttrium atoms
packed as cuboctahedrons like in Figure 8.12 (in a Fm3m crystal, the Y>* ions are located in a
face-centered cubic sublattice). This approximation consists in a small distortion of the a3 in the
more symmetrical Fm3m structure that brings to a negligible error in the calculation.

SHELL 2 SHELL 3 SHELL 4 SHELL 5

Figure 8.12 Series of cuboctahedral shells of yttrium atoms.
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Because of the geometry of the cuboctrahedron with triangular faces, the total number of atoms
n(k) of the generic k-shell cuboctrahedral “cluster” (taking into account the central atom) and the
number of atoms in the (k + 1)th shell n(k + 1) — n(k), can be done by**

10 11
’I’l(k) =?k3—5k2+?k—1 (82)

n(k +1) — n(k) = 10k? + 2 (8.3)

Following Chandrasekhar’s idea, we describe the probability that the nearest neighbour to a
particle occurs in at least one of the n(k + 1) sites of the (k + 1)th shell (kth cuboctahedron) as
the probability that no particles exist in the precedent k shells times the probability that at least
one particle does exist between the sites of the (k + 1)th shell:

k
wk +1) = [1 - Z w(k')

kl

[1— (1 —x)10K*+2] (8.4)

where x is the atomic concentration of the acceptor ions. Thus, the average distance between Bi**
and Er** ions can be calculated by

R= wi)d(k) 5)
k=2

with d (k) the average distance of the ions in the kth shell from the central ion. The resulting
average distance Rp;_g, calculated from the last equationis 12.1, 8.5, 6.6, and 5.2 A forx=0.002,
0.005, 0.010, and 0.020, respectively. Moreover, defining a critical concentration x. as the
concentration at which the emission intensity of the Bi*" ions is half of that of the sample in the
absence of Er** ions (like in the Dexter’s theory™®), that in this system is estimated to be 0.005,
we calculated the critical distance R for the Bi**-Er** energy transfer of about 8.5 A.

The different ways in which an energy transfer between a sensitizer and an activator may take
place are the exchange interaction, radiative transfer, and multipole-multipole interaction. A
radiative energy transfer can be neglected for this two reasons: (i) no spectral dips are detectable
in the emission bands of Bi*" sensitizer ions in correspondence of the absorption lines of Er’*
acceptor ions; (ii) the lifetime of the Bi** PL emission is modified in the presence of the rare earth,
showing a clear decrease as the Er content is raised. Moreover, exchange interaction is strongly
influenced by the distance between the sensitizer and the activator, with typical values of the
critical distance of about 3-4 A,* half of the calculated value (8.5 A), thereby excluding the
possibility of an energy transfer via exchange interaction. On the basis of Dexter’s energy-transfer
expressions of multipolar interaction*’ and Reisfeld’s approximation,*’ the following relation can
be obtained:

@ < xn/3 (86)

Ns

where 711, and 7 are the luminescence quantum efficiencies of Bi** in the absence and presence
of Er**, respectively, x is the total concentration of the Bi*" and Er** ions, and n = 6, 8, and 10
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correspond to dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole interactions,
respectively. In order to assess the type of multipolar interaction, the value of ngy/ng can be
approximately replaced by the ratio of related luminescence intensities Iy /I, so the equation
becomes

= o« x"/3, (8.7)
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Figure 8.13 Dependence of Isy/Is on x™/3 for n =6, 8, and 10.

The good linear relationship in the Igo/Ig-x™/3

plot for n = 6 (Figure 8.13) proves the dipole-
dipole interaction should be mainly responsible for the energy transfer from Bi** to Er** ions in

the yttrium oxide.

8.6 Conclusions

In this Chapter, we reported about the synthesis of Bi- and Er-codoped Y203 monocrystalline
nanoparticles by a Pechini-type process. A nanoparticle average size of about 40 nm was
estimated from both the X-ray powder diffraction and TEM analysis. The optical properties of the
samples were evaluated both in the visible and IR regions, showing the different optical behavior
of the Bi*" ion in the two sites of Y203 and the efficient energy transfer from the Bi** in the C>
site to the Er’" ions with an enhancement of the 1.54 um transition of Er’".

The intriguing luminescence properties of the material highlight the Bi-Er-codoped Y203 system
as a possible useful system for Er-based optical and photonic devices. The dipole-dipole resonant
type interaction is the most probable mechanism for the Bi**-Er** energy transfer in Y20s.
Moreover, the new probabilistic approach based on the discretization of the theory of
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Chandrasekhar for the distribution of the nearest neighbor in a random distribution of particles
suggests a critical distance R, of about 8.5 A.

Materials and Methods

Experimental Details. The morphology of the particles was investigated by means of X-ray diffraction
(XRD) and transmission electron microscopy (TEM).

The XRD patterns were collected at RT with a step size of 0.05° in the preset-time mode (10 s); in order
to improve the signal-to-noise ratio, at least three runs were measured. A Philips diffractometer with a PW
1319 goniometer with Bragg-Brentano geometry, equipped with a focusing graphite monochromator on
the diffracted beam and with a proportional counter with an electronic pulse height discrimination, was
used.

TEM images were taken at 300 kV with a JEOL3010 instrument with an ultrahigh resolution (UHR) pole-
piece (0.17 nm point resolution), equipped with a Gatan slow scan CCD camera (model 794). The powders
were dispersed in isopropyl alcohol by means of sonication and then deposited onto a holey carbon film-
coated copper grid. EDS analysis was carried out by a Carl Zeiss Sigma VP FE-SEM equipped with a
Bruker Quantax 200 microanalysis detector.

Photoluminescence properties have been measured with a FluoroLog 3-21 system (Horiba JobinYvon)
equipped with a 450 W xenon arc lamp as excitation source and selecting the excitation wavelength with
a double Czerny-Turner monochromator. The detection system was composed of an iHR300 single grating
monochromator alternatively coupled to a R928 or a liquid N>-cooled R5509-73 Hamamatsu PMTs
operating in the VIS and in the IR regions, respectively. All photoluminescence emission (PL) and
excitation (PLE) spectra were recorded at room temperature using the same setup parameters.

For the time-resolved PL analysis, the sample excitation was provided by a homemade custom system
including a Q-switched Nd:YAG laser coupled to a series of NLO crystals for the generation of the third
harmonic at 355 nm. PL emission was collected to a Cinel 25 cm monochromator, converted into a current
signal by a gated R928 Hamamatsu PMT, and sampled by a Tektronix TDS3032 oscilloscope.
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CHAPTER 9

Summary & Outlook

Ever new solutions required by the rapidly growing demand in the lighting industry, have
prompted the ongoing research on new efficient phosphors. From the technological point of view,
luminescent materials are used not only for standard lightning but also in new frontiers of
photonics such as biomedical applications, energy harvesting systems and anti-counterfeiting.
Hence, the design of new luminescent materials with suitable and ever improved performances,
able to meet the requirements of the next-generation devices, is a challenge.

In this view, in this thesis we have proposed new bismuth-based luminescent materials,
demonstrating outstanding properties and proposing new strategies for the design of next-
generation classes of light emitting systems for a wide range of technological applications. New
insights into the synthesis and the optical investigation of these materials are provided, discussing
their applicability in different fields such as upconverting nanoparticles for bioimaging,
ratiometric optical thermometer for biological environments, persistent luminescence in the
visible and near-infrared regions and broadband Er’" luminescence sensitization at the
telecommunication wavelength via energy transfer. In addition, a combined experimental and
theoretical approach was considered to ensure the reliability of the calculations presented, and
some preliminary analyses aimed to assess the applicative potentialities of the synthesized
materials were provided.

Chapters 4 and 5 deal with the development of two new classes of UCNPs. If in Chapter 4 we
have proposed a new strategy to control the UC emission output by means of the bandgap
engineering of Bi2O3 NPs, evidencing very promising UCQY, in Chapter 5 we have accounted
for the occurrence of a peculiar Bi2SiOs@SiO2 core-shell self-assembly process in bismuth
impregnated MSNs, providing a tentative mechanism of formation on the basis of the resulting
temperature and pore loading dependence of the investigated material properties. We have
demonstrated the possibility to tune the UC luminescence output by finely controlling the bandgap

of the Bi2O3 NPs in a wide range of energies. This new strategy of emission chromaticity tuning
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through the bandgap engineering may be used to design smart luminescent nanosystems able to
concentrate all the absorbed energy in a single emitting excited state, through controlled energy
transfer processes. The stabilization of the different polymorphs of bismuth oxide, with crystal
structure suitable to optimize the critical distances among the doping ions, can be an effective
method to enhance the UCQY by increasing the energy transfer rate. Moreover, the development
of new synthetic procedures able to stabilize monodisperse single phase bismuth oxide based NCs
of controlled size is a challenge.

In perspective, we expect that the reported approach can be applied to a wide class of bismuth
oxide based compounds and we believe that the intrinsic suitable nature of bismuth for multimodal
probe (e.g. CT, PAT and SPECT) is an excellent starting point for the design of the next-
generation multifunctional nanoplatforms.

From the technological point of view, it should be pointed out that nanocrystals allow to easily
form transparent luminescent materials once dispersed in a plastic or liquid medium. In this view,
if from one hand, the lanthanide-doped Bi2SiOs@SiO2 UCNPs developed in Chapter 5, are
characterized by suitable features, like low toxicity and easy surface functionalization, for the use
as probe in biological environments, from the other hand, they give the possibility to be
incorporated also into glasses with prospective applications, for example, in the anti-
counterfeiting technology. The remarkable self-assembly process of the core-shell nanosystems
is characterized by the formation of a glassy shell. This self-sealing process on the MSN outer
shell is driven by bismuth-induced silica low melting point effect and can be used as a new strategy
to incorporate different materials such as UV filters, magnetic nanoparticles, pigments or other
luminescent nanocrystals, with the double aim to (i) avoid the contact of the active phase with the
environment, drastically limiting undesired reactions (e.g. in the case of toxic or photocatalytic
materials) and, at the same time, to (ii) prevent the degradation of the active materials in the core.
A remarkable example consists in the expected suppression of the luminescent quenching due to
the aging induced by humidity absorption into silica sol-gel coated luminescent materials.
However, further investigations are needed in the future to confirm this statement.

Another interesting area of application for photonics materials is the thermal sensing. In Chapter
6 we have introduced the Bi2GasQo:Cr*" system, demonstrating its unique characteristics as
single-doped material for ratiometric optical thermal sensing in the NIR spectral region. The
crystal field experienced by Cr** was assessed in detail by means of Tanabe-Sugano diagram,
configurational coordinate diagram design and the comparison with energy level calculations
derived from Cr-O bond lengths in the host. In view of future developments, the great agreement
between the models and the experimental results opens the way to a real luminescence output
design by careful choice of the host. In this regards, further analyses are needed to confirm the
fundamental role of the lone pair of electrons, characteristic of Bi** ion electronic configuration,
in the distortion of the typical Ga** and AI*" ion sites, where Cr*" is usually substituted. In fact,
as in the case of Bi2Ga4Qo, the distortions induced by the Bi** lone pair can lead to unusual and
unique optical properties, including peculiar luminescence activity as determined from the
resulting overall energy level structure of the material.
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An active research area in the field of thermal sensing is the development of ratiometric
luminescent nanothermometry for the measurements of the intracellular temperature. In this optic,
the material developed in Chapter 6 shows a unique set of characteristics, such as the single-
doping nature, low toxicity, dual emission in the near-infrared region (matching the first biological
window), good sensitivity and reproducibility, which are all suitable properties for a temperature
sensor operating in the biological environment. Hence, the future research activity will consist
mainly in the development of a protocol of synthesis for nanosized Bi2Ga4QO9:Cr*", and in tailoring
the host crystal field through controlled incorporation of codoping species, to improve the
luminescent response and then the critical thermometer parameters.

As briefly mentioned in Chapter 3, Bi-activated phosphors are recognized as promising
luminescent materials due to a remarkable emission activity in the whole UV-visible-NIR range.
In Chapters 7 and 8, we have reported two studies regarding the use of Bi*" and Bi*" ions as
sensitizers and active centers. In particular, in Chapter 7, a new bismuth-doped persistent
luminescent material is described, consisting in a perovskite CaSnO3:Bi system in which both
Bi** and Bi*" are simultaneously stabilized. By means of VRBE diagram design, we have
discussed the MMCT nature of the main blue emission band characterizing the material optical
response, in comparison with the luminescent features of orthorhombic perovskite CaBO3:Bi
compounds class (B=Ti, Sn, Zr). The analysis suggested a trend for the relative energy position
of the MMCT state and the Bi*" first excited state with respect to the shortest distances between
the B*' site and the cation site available for Bi*" (Ca" site). This trend should be confirmed by
synthesizing new bismuth-activated compounds. In addition, the material showed a persistent
luminescence behaviour in which the MMCT state seems to be the luminescent center. However,
the transient nature of such a state would be in contrast to this possibility, suggesting a new
mechanism that could be clarified by means of dedicated analyses (e.g. XPS and EXAFS). For
this system, it must be underlined both the fact that the stabilization of Bi** ion is achieved in air,
without the need of reductive atmosphere, and that the emission band falls at 800 nm, then in the
first biological window. Moreover, as demonstrated in Section 7.7, the introduction of chromium
as doping ion promotes the enhancement of the Bi*" emission at 800 nm. In perspective, the
optimization of the system will be attempted by further incorporation of doping species suitable
to optimize the trap depth of the material, for example by substituting Ca*" with Sr*" ions;
moreover further investigations will be considered to fully elucidate the role of Cr. The possibility
to develop new systems acting on the starting material composition, is suggested by the notable
advantage of bandgap tuning by compositional engineering via simply adjusting the cation
species, exhibited by 4°*B**O3 perovskites.

In Chapter 8, the well known potentialities of Bi** ion as sensitizer for lanthanide ions are proved
to be effective also for the enhancement of the typical Er** emissions at the telecom wavelengths
by promoting the broadening of the lanthanide absorption window. Even if the energy transfer
processes were massively investigated by considering a plenty of combinations between donor-
acceptor pairs and hosts, for the best of our knowledge this is the first time that Bi** ion is
demonstrated to effectively act as sensitizer for the 1.54 pm emission of Er’** in Y203. A
preferential crystalline site hosting the Bi** ions mainly involved in the energy transfer process

was assessed by site-selective analyses. Moreover, a simple model for the definition of the critical
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donor-acceptor distance characterizing the energy transfer process was proposed, in virtue of the
positions occupied by the two interacting ions into the crystal lattice.

The new insights and the relevant possibilities discussed in this thesis, have also raised questions
to be answered, opening the door to future investigations. The host bandgap mediated UC PL
output tuning, together with the refractive index influence on the radiative transition probability,
will be deeply analyzed (e.g. by photoconductivity measurements) to spread light on the
possibility to realize a new class of single-band emitting UC nanosystems. The role of the Bi**
lone pair of electrons in crystal site distortion will be addressed, with particular care to the
resulting effect on the energy level configuration of transition metal ions hosted in Bi-based oxide
matrices. Moreover, the optical behaviour of the different bismuth ions (Bi*, Bi**, Bi*") shows
intriguing aspects still under debate, that require a challenging insight into the physicochemical
properties of Bi-activated phosphors.

A critical step in the development of novel luminescent materials is to achieve a design route on
the basis of modelling methods and empirical rules that allow to overcome the try and error
method, thus saving resources. In this regard, a clear example is represented by the use of the
vacuum referred binding energy diagram, discussed in Sections 2.6, 4.3.4 and 7.6, that leads to
the selection of the suitable doping ions acting as electron or hole trap in the design of persistent
luminescent materials. Another outstanding example is the use of the energy level diagram of Cr**
and Mn*" as a function of the Cr/Mn-O bond length, reported by Ogasawara (discussed in Section
6.8), to predict the relative energy level position of these luminescent ions on the basis of host
structural parameters. In this scenario, concerning the luminescence of bismuth ions, further
experimental and theoretical (first-principle calculations) investigations are needed to provide
rules of thumbs for establishing guidelines in regard to the prediction of the optical response to
external stimuli, and thus for the design of new bismuth-based luminescent materials with
advanced properties.
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Abstract:

Negli ultimi anni, le peculiari attivit luminescenti esibite dagli ioni di Bi e le propriet ottiche degli
host a base di bismuto, assieme a interessati propriet tecnologiche quali una bassa tossicit e
costi contenuti, hanno reso i materiali luminescenti a base di bismuto tra i pi promettenti per la
progettazione di fosfori di nuova generazione. In questottica, questa tesi & focalizzata sulla sintesi
e caratterizzazione di nuovi materiali ossidi a base di bismuto, proponendo nuove strategie per il
controllo della luce emessa per mezzo di un’accurata selezione degli ioni dopanti nonché la
progettazione della struttura a bande dei composti host. Pertanto, la principale attivit di ricerca
stata rivolta alla caratterizzazione ottica e, in particolare, alla determinazione e modellizzazione dei
meccanismi di luminescenza caratterizzanti i sistemi studiati (processi di energy transfer,
upconversion e luminescenza persistente). Allo scopo di descrivere in modo affidabile i processi
ottici coinvolti, stata considerato un duplice approccio sperimentale e teorico. Inoltre, al fine di
aumentare l'efficienza e il controllo della risposta di emissione, la ricerca  stata focalizzata
sull'ottimizzazione delle procedure di sintesi € il successivo trattamento del materiale finalizzato
alla stabilizzazione strutturale pi adeguata.

Bismuth-based luminescent materials have been recognized as promising candidates for the
design of next-generation phosphors, in virtue of the peculiar emission activity exhibited by Bi ions
and the optical characteristics of Bi based hosts, together with technologically appealing properties
like low toxicity and low costs. In this view, this thesis is focused on the synthesis and the
characterization of novel bismuth-based oxide materials, proposing new strategies of control of the
light emission through careful dopant selection and host band structure tailor. Therefore, the main
research activity has been devoted on the optical characterization and, in particular, on the
determination and modeling of the luminescence mechanisms characterizing the studied systems
(energy transfer, upconversion and persistent luminescence processes). With the aim to reliably
describe the optical processes involved, a combined experimental and theoretical approach was
considered. Moreover, in order to increase the efficiency and the manipulation of the emission
response, the research has also focused on the optimization of the synthesis procedures and
subsequent material processing for suitable structural modification.
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