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Abstract

Upconversion luminescence involves absorption of one or more low energy (commonly infrared
wavelength) photons leading to emission of a high energy (i.e., visible or ultraviolet wavelength)
photon. It is widely exhibited from lanthanide-doped materials with low phonon energy whereby
multiple electronic transitions may occur between the f-states of the luminescent centers. Since
upconversion processes require metastable and long-lived intermediate energy levels acting as storage
and reservoirs of the exciting photon energy, rare earth lanthanide ions are particularly suitable due to
their rich scheme of 4f energy levels poorly affected by the crystal field.

In this framework, inorganic upconverting nanoparticles (termed nano-upconverters herein), that is
(sub- 20 to 100 nm) nano-sized inorganic materials exhibiting photon upconversion, have gained a lot
of attention from the scientific community owing to their numerous applications (optoelectronics,
nanophotonics, nanomedicine, biological and biomedical sensing and labeling, nano-thermometry in
cells, photodynamic therapy, and amplified stimulated emission), advances in nanofabrication allowing
nanostructured design and control on the surface composition as well as integration processing.
Furthermore, remarkable differences as compared to the bulk counterpart materials due to scaled-down
size, increased role played by surfaces and changes in the phonon density of states have prompted
advances in the theoretical understanding of upconversion pathways and mechanisms.

This chapter provides an introduction to the physics of nano-upconverters and discusses the relevance
of the associated phenomena in applications. It is overviewed the basic processes related to and leading
to upconversion (excited state absorption, energy transfer upconversion, cooperative transitions and
photon avalanche), the role played by rare earth ions with their ladder-like scheme of energy levels, the
critical choice of the host crystal, the factors affecting luminescence quantum yield and the impact on
spectroscopy of upconversion of the size-dependent changes in the phonon density of states. In this
respect, the advantages in using nano-upconverters with respect to materials exhibiting quantum-size
effect, the role played by increasing surface-to-volume ratio and the relationship between peculiar
aspects of nano-upconverters and applications are discussed.

This chapter consists of two main sections: the first part focuses on basic knowledge on upconverters
and the second one discusses the topics overviewed in the first part by pointing out the changes related
to the spatial confinement. The extensive fundamental information provided in the first part makes the
readership of this chapter open to non-specialist readers and lays the foundation of the needed
knowledge to read the second part easily. Due to the impossibility of covering all the aspects of the
physics and applications of upconversion at the nanoscale in this contribution, extensive literature
sources are provided for the reader’s guidance. The fascinating and still not completely understood
physics of nano-phosphors is expected to be an interesting research field with relevance in applications
and fundamental knowledge in the upcoming years.
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1. Introduction:

The worldwide scientific interest in the field of inorganic luminescent materials is documented by the
huge number of publications reporting on their properties and applications. On a fundamental level,
understanding the physics of such materials requires knowledge of several basic concepts in different
fields, such as solid state materials, role of dopants and crystal symmetries, spectroscopy mechanisms
and phonon-related processes. In this introduction paragraph, the basic definitions and concepts,
nomenclature, interplay between luminescence mechanisms and properties of materials, importance of
rare earth ions in upconversion processes and potentialities/changes related to the spatial confinement
of upconverting materials are overviewed. The emphasis is placed on general concepts to make the
readership of this paragraph open to non-specialist readers that can gain the needed knowledge to
follow the subsequent discussion focusing on nanoscaled luminescent materials.

1.1 Background knowledge and nomenclature

Technically, luminescence refers to spontaneous emission of electromagnetic radiation (photons) from
a material that absorbs energy from a source (external stimulus). Although the term “luminescence”
was first introduced in 1888 by the German physicist Wiedemann, using the German word
“luminescenz” [1], the knowledge about luminescence phenomena dates very back in the history of
humans [2]. Materials exhibiting luminescence are termed luminescent materials or phosphors (light
bearer in Greek) according to the term coined in the 17th century by Vincenzo Cascariolo, an Italian
shoemaker from Bologna, who documented persistent luminescence in the dark following the exposure
to the Sunlight of a stone (baryte) from the outskirts of Bologna [3].

Luminescence is a final result (the output) that may result from a sequence of different processes
initiated by an absorption event (the input). Within the energy scheme of the element under
consideration, absorption may occur as ground state absorption (GSA), that is promotion of an element
from its ground state (i.e., the lowest energy state) to an excited state, or excited state absorption
(ESA), that is promotion of an element occupying an excited state to an excited state with higher
energy. Linear and non-linear absorption processes can be distinguished depending on the intensity of
the excitation. Non-linear or multi-photon absorption is classified as “non-resonant” and “resonant” if it
occurs without and with the assistance, respectively, of intermediate gap states. Non-resonant multi-
photon inter-band absorption fulfills the law 1=1, P", where | is the intensity of the emission peak, P is
the pumping power, I, is a constant and n is the number of photons involved in the multi-photon
absorption [4,5].

Depending on the nature of the excitation source (electromagnetic radiation, electric current,
temperature, chemical reaction, cathodes, X-rays, biochemical reaction and mechanical energy),
luminescence can be referred to as photo-luminescence, electro-luminescence, thermo-luminescence,
chemo-luminescence, cathode-luminescence, X-ray luminescence, bio-luminescence and mechano-
luminescence, where the prefix classifies the excitation source. In particular, optical excitation of
luminescence refers to photoluminescence induced by absorption of ultraviolet (UV) or visible light.
Photo-luminescence phenomena are classified as “fluorescence” whenever the emission time-scale is
very short (10 sec < t < 10 ms) and “phosphorescence” if the emission time-scale is relatively long (t
> 0.1 s up to hours or even days) [6].

In general, photoluminescence may result from the interplay between several so called “radiative” (that
is, photon emitting) and “non-radiative” or” radiationless” or “phonon-assisted” transitions for which
the pump energy is lost in other processes (typically heat transfer) competing with luminescence. These
transitions belong to the class of the so-called multi-phonon relaxation mechanisms that refer to decay
of excited electronic levels by excitation of lattice vibrations (phonons) rather than photon emission
[7]. Photoluminescence is termed “resonant” if both emitted and excitation are energy matching.



The rate of radiative relaxation between two levels with an energy mismatch AE can be expressed
according to the Judd-Ofelt theory [8,9]
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where F? is the matrix element of the electric dipole moments, li is the angular momentum of the initial
state, M? is the matrix element of the magnetic dipole moment, ny, is the refractive index of the host
crystal and y= n, (Nv?+2)%/9 is a corrective factor (Lorentz correction) for the local field.
The non-radiative relaxation rate Wyr of a transition between two states separated by the energy gap
AE can be expressed by the following relationship [10]:
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where T is the absolute temperature, W is the transition rate at T=0 K (ground state of the phonon
modes), hvy, is the highest fundamental phonon energy of the host lattice vibrations (phonons) coupling
to the electronic transition i— f of the element under consideration. Therefore, multiphonon transitions
are favored whenever the energy mismatch AE is larger than the phonon energy hvy, and involves
phonon-assisted decay whereby multiple lattice phonons are emitted or absorbed in order to bridge the
energy difference AE. If the phonon energy is large or the energy gap is small or a small number of
phonons are required to bridge the energy gap AE, then the phonon-assisted transition is more probable
than the radiative transition. Simple examples that illustrate how small gaps and large gaps favor non-
radiative and radiative decay pathways, respectively, are provided in Figure 1. Figure 1 (a) depicts the
situation of a three-level system being excited to the topmost energy level (labeled by 3) from the
bottom level (labeled by 1). If the energy gap between the levels 1 and 3 is so large to make improbable
a non-radiative relaxation from the level 3 to the level 1 and the intermediate level (labeled as 2) is
closer in energy to the level 3 than to the level 1, then the more probable relaxation decay of the system
excited in the level 3 is a radiationless transition from the level 3 to the level 2 rather than a radiative
decay to the level 1.

In the case of a more complex distribution of energy levels, the possible decay transitions of an element
with a discrete series of energy levels can be either radiative or radiationless depending on the energy
gap between the levels involved in the transition. For instance, following photon excitation, the
possible decay transitions of an element with a discrete series of energy levels can be described by the
simplified representative energy-level diagram reported in Figure 1(b). Once the element is excited
from the ground state (labeled as zero) to one or more of the upper lying energy levels (labeled as 3, 4,
5), if such excited states are closely spaced in energy then relaxation occurs mainly via level-by-level
radiationless cascade transitions (dashed arrows) to the level 3, which has a relatively large gap with
respect to the lower-energy lying levels 2, 1, 0. In the case of levels with large energy gap, such as the
levels 3 and 2, phonon emission is less probable and radiative transitions are favored. Hence, in the
situation sketched in Figure 1(b), the level 3 relaxes with photon emission to the level 2 and the levels 2
and 1 subsequently decay to the bottom level (that may be the ground state) by radiative transitions.
Therefore, depending on the level-to-level energy difference, excited states decay through two main
channels, i.e., a radiative relaxation (i.e., via photon emission) or a radiationless relaxation (i.e., via
phonon emission).

The occurrence of loss mechanisms reducing the photoluminescence yield, naturally introduces the
concept of quantum efficiency (or quantum vyield) defined as the fraction of the input photons
contributing to the output luminescence process [11].
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Figure 1: Examples of (a) phonon-assisted relaxation decay in a simple three level
system, and (b) both radiative and ratiationless transitions occurring in a multi-level
system. Absorption is indicated by upward shaded red arrows. Radiative decay is
indicated by downward continuous shaded grey arrows. Phonon-assisted decays are
depicted by downward dashed grey arrows.
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1.2 From the Stokes principle to upconversion

The above described photoluminescence processes fulfill the “Stokes principle”, meaning that the
emitted photons have lower energy than the pump photons (Figure 2(a)). In this situation, the
difference between the spectral position of the absorption and emission peaks related to the same
electronic transition is called “Stokes shift”. Also, if a thermally excited ground state is electronically
excited, “anti-Stokes shift” may occur, where the energy of the radiative emission exceeds the pump
energy by only a few units of kgT (kg is the Boltzmann’s constant and T is the absolute temperature)
(Figure 2 (b)). A radiative process yielding output photons with energy exceeding the energy of the
pump photon by 10-100 kgT (for instance, conversion of infrared (IR) photons to visible and UV
photons) is referred to as “upconversion” .The phenomenon of upconversion luminescence through
lanthanides, which is the mechanism of interest hereafter, was first observed by Bloembergen [12] via
an energy diagram for crystals including ion impurities and subsequently demonstrated by Porter [13].
In practice, upconversion had scarce applications until it gained attention in the field of compact solid
state lasers as an efficient non-linear excitation mechanism [14] and for the development of
temperature sensors [15]. Indeed, the development of upconversion luminescent materials experienced
an effective spread and interest with the advent of lasers, as demonstrated by the pioneering studies of
Auzel, dating to 1960s, in which it was proposed that energy transfer pathways could involve rare earth



ions both being in an excited state at the initial step of the energy transfer rather than a first ion in an
excited state an a second ion in its ground state [16,17].

Diagrams depicted in Figures 2 (c),(d) sketch the mechanisms of down-conversion (Stokes-type)
(Figure 2(a)) and upconversion (Figure 2(b)) processes involving a sequence of energy levels of a
luminescent center including the ground state (labeled by 0), first excited level (labeled by 1) and
second excited level (labeled by 2). Phosphors re-emitting the absorbed energy at lower and higher
frequency are down-converting and up-converting materials (or briefly, upconverters), respectively.
Once absorption promotes the transition from the ground state to the excited state 2, decay-down
channels can be radiative (i.e., photon emitting, continuous shaded grey arrows) or radiationless (i.e.,
without photon emission, dashed grey arrows) in both down-conversion and upconversion situations.
As the diagram representation in Figures 2(c),(d) shows, unlike absorption of one pump photon (one-
step absorption) characterizing down-conversion, upconversion is a nonlinear optical process involving
successive absorption of at least two low energy pump photons (multi-step absorption) via intermediate
metastable (long lived) energy states.

Since the mid-1970s, growing interest in the upconversion process was catalyzed by its applicative
possibilities in obtaining UV and visible emissions through sequential absorption of two or more low-
energy near-IR pump photons via intermediate metastable levels introduced by proper efficient
upconversion dopants [12,18-20].

1.3 Rare earth elements

Rare earths are chemical elements characterized by the progressive filling of the 4f atomic orbitals and
include the elements with atomic number Z ranging from 58 to 71 (Figure 3(a)), that is scandium (Sc),
yttrium (Y), lanthanum (La) and the 14 lanthanide elements (cerium (Ce) with Z=58, praseodymium
(Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium
(Th), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu)
with Z=71) [21]. The subset of the rare earths with electronic configuration [Xe]4f"5s*5p® (where n = 0—
14 and [Xe] refers to a xenon core) and trivalent stable oxidation state are termed lanthanides.
Scandium and yttrium are classified as rare earth elements because they are present in most of the
deposits of the rare earths and have similar properties as lanthanides despite their differetn electronic
and magnetic properties. Whereas actinides (that correspond to filling the 5f shell from thorium (Z =
90) to lawrencium (Z = 103)) share many electronic properties of lanthanides, they may have unstable
isotopes that make them less attractive optical centers than lanthanides.

On the basis of a systematic investigation of the absorption and luminescence spectra of the lanthanide
series in a LaCls crystal performed in the 1950s and 1960s, Dieke and co-workers listed the energy
levels for all lanthanides in the energy range 0-40 000 cm™ organized according to the Dieke’s diagram
[22]. Extended measurements involving the energy levels of the 4f " electronic configurations of
lanthanides in various host lattices demonstrated that Dieke’s diagram is valid independently on the
host lattice. In practice, the Dieke’s energy-level diagram shows the energies of the states of the
trivalent rare earth ions with the magnitude of the crystal-field splitting indicated by the width of the
state and the energy location of the corresponding free ion energy level (***'L,, S and J quantum
number of spin and total angular momentum) given by the center of gravity of each J-multiplet. Hence,
prediction, identification or assignment of the emission lines of rare earths in listed crystals and new
hosts can be easily made based on the Dieke’s diagram.

A peculiarity of rare earth dopants as luminescence centers is that they emit and absorb specific
wavelengths related to transitions relatively insensitive to the chemical surroundings. From the
perspective of optical properties, rare earth elements can exhibit f-f transitions (involving ground state
and excited 4" states) and d-f transitions (involving f* ground state and 4f"-5d excited states).
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Figure 2: Sketched energy level diagram of photoluminescence occurring according to
(a) the Stokes principle, (b) the anti-Stokes mechanism, (c) down-conversion, and (d)
upconversion. Absorption is indicated by upward shaded red arrows. Radiative decay
is indicated by downward continuous shaded grey arrows. Radiationless decays are
depicted by downward dashed grey arrows.



The observed IR and visible emission spectra of lanthanides result from transitions between the 4f
states, that exhibit small host-induced splitting and mix weakly with higher energy states due to
shielding by the outer s and p orbitals. Such f-f transitions are characterized by sharp emission lines
(full width at half maximum (FWHM) < 10 nm), weak intensities, relatively poor sensitivity to the host
lattice, long lifetimes of the metastable states, efficient emission, little or no vibronic structure
(phonon-assisted transitions) and weak radiationless relaxation of excited states [23].

Therefore, as a consequence of the weak coupling between f—f transitions and local crystal field,
lanthanides emit selectively sharp lines characteristic of the emitting source. Differently, spectroscopy
of transition metal elements, characterized by partially filled d atomic orbitals, is strongly dependent on
the crystal field as a consequence of the formation of ligand-dopant hybridized states. In general, the
relationship between the electronic structure of the emitting center and the transitions allowed by the
selection rules and crystal symmetry is important to understand spectroscopy of phosphors.
Luminescence transitions between the electronic states of the rare-earth elements are mainly electric-
dipole transitions and their selection rules are Al =+ 1, AS =0, |[AL|, |AJ|< 21, where | = 3 for lanthanide
series ions. For centro-symmetric rare earth sites, magnetic dipole transitions are allowed, i.e., the
selection rule is AJ= 0,1 and when AJ= 0, any transition involving another state with J=0 being
forbidden, only AJ=|1| is allowed.

Forced dipole transitions involving states described by mixed wave functions exhibit weak intensity
(directly depending on the degree of mixing) and very sharp emission peaks. Hence, although the
emission lines of the f-f transitions are almost independent on the host lattice (chemical environment),
the relative emission intensity is affected from site symmetry and selection rules [8,9].

In principle, as parity doesn’t change, the transitions within 4f shells are strictly forbidden by the
Laporte’s or orbital rule. This constraint implies that f-f transitions show a very weak oscillator strength
(~10°) and only muck weaker magnetic dipole transitions can occur in centro-symmetric crystals.
Instead, f-f transitions are allowed for non-centrosymmetric sites: whenever a rare-earth ion occupies
lattice sites lacking of inversion symmetry, mixing between states 4f with different (opposite) parity
can result from rare earth- crystal field or rare earth- lattice vibrations interaction [8,24,25].

Rare earths can be also involved in inter-configuration (i.e., 4f-5d) transitions that, unlike the intra-
configuration transitions, present broadband absorption and emission spectra as well as dependence on
the host crystal field. They are characterized by emission lines with FWHM ranging from 30 to 100 nm
and are strongly dependent on the host lattice owing to the more extended and delocalized character of
5d-orbitals compared to f-orbitals. Hence, 4f "~'5d configurations of rare earth ions in solids are very
different from those of the free-ion counterparts. In the case of 4f-5d transitions, changes in the
covalence-degree of the dopant-ligand bond can induce shift of the luminescence emission due to
splitting of d-levels depending on site symmetry and crystal field strength. A comprehensive report on
classification and theory of the 4f-5d absorption and emission energies of divalent and trivalent
lanthanides inserted as dopants in more than 1000 inorganic compounds was provided by Dorenbos
[26-28]. To summarize, on comparing f—f and f—d transitions, it results weak versus strong ion-lattice
coupling strength, electric dipole oscillator strength of 10 versus 10 *-1072, and life-time of 1072
10"°s versus 10 ®-10"%s.

From the standpoint of upconversion, direct excitation of lanthanides is usually an inefficient process
because of low absorption cross-sections and long luminescence lifetimes of the f-f transitions. On the
other hand, since most inorganic crystals are not able to work as upconverters at room temperature,
lanthanide dopants have to be inserted in well selected crystalline hosts to observe efficient
upconversion luminescence and tunable multi-color emission [18,29].
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Figure 3: (a) Periodic table of the elements showing the rare earth end lanthanide series. (b)
Diagram showing the richness of color output from the main f-f transitions of rare earths.



Basically, lanthanide elements are particularly suitable to be exploited in upconversion processes for
two main reasons. First, they have multiple spectroscopically active atomic-like levels ideal for
selective color output (Figure 3(b)), mixing of different color output and energy transfer between
discrete levels of the same as well as different ions. Second, with the exception of Yb®* and Ce**,
lanthanides have metastable (i.e., parity-forbidden but partly allowed in optical transitions) energy
levels with lifetimes in the microseconds to millisecond range. Due to their slow decay, such long-lived
levels are able to accumulate transient population, hence acting as storage and reservoirs of the
excitation photon energy. In regard to the host matrix, sodium rare-earth fluorides NaREF, (where
RE=Y, Lu, Ga) are chemically stable efficient materials due to low photon energy that favors increased
upconversion quantum yield by decreased probability of phonon-assisted decays [30,31]. Basically, to
enhance the upconversion emission efficiency of rare earth ions, a proper choice of host and dopant—
dopant pair (the so called activator-sensitizer pair, as it will be detailed hereafter) is needed due to
several disadvantageous factors, such as small absorption cross section of rare earth ions due to parity-
forbidden 4f-4f transitions and non-radiative relaxations taking place simultaneously with upward
transitions in the presence of closely spaced levels.

Investigation of fundamental and practical applications of phosphors and, in particular, upconverters
has experienced a speed up and renewed scientific interest recently due to the advancement in synthesis
methods and processing of nanomaterials combined with the requirements/opportunities of integration
[32-34]. Inorganic upconverting nanoparticles, that is sub- 20 to 100 nm nano-sized inorganic materials
exhibiting upconversion, show peculiar behavior and properties, related to or modified by the spatial
confinement, that are very sensitive to nanoparticle size, crystal phase, doping content, distribution and
density of defects, surface-to-volume ratio. Indeed, on turning from bulk- to nano-scaled materials
additional effects play a role in affecting the luminescence and upconversion emission efficiency
stemming from the increasing importance of surface and confinement-related changes, as it will be
discussed hereafter. For instance, practical spectroscopic applications of upconverting nanocrystals
have to face the drawbacks of limited quantum efficiency and luminescence quenching caused by
increased density of surface weakened bonds and bonded activators [35]. Moreover, a reduction in size
implies a decrease in the number of emitting dopant centers and enhancement of surface quenching
effects that can either complicate energy transfer pathways between the energy levels of lanthanide ions
or favor defect-promoted radiationless transitions. All of this makes clear that a fine control on the
synthesis is demanding to ensure efficient size-dependent luminescence and to advance in the
theoretical understanding of the differences with respect to the bulk counterpart materials resulting
from scaled-down size [36-39]. Hence, in parallel to careful nanofabrication [34], to fully exploit the
opportunities offered by upconverting nano-scaled phosphors (briefly termed nano-upconverters,
hereafter) and ensure high quantum yield in biological applications preferring particles smaller than 20-
30 nm, fine control on phase, concentration of lanthanide dopant and co-doping, surface chemistry,
particle size and size dispersion, energy transfer losses between dopants and defects is demanding
[39,40]. In this respect, design strategies yielding both chemically and structurally engineered
nanocrystals are also critical to solve for the above mentioned drawbacks through modification of the
energy transfer and upconversion pathways, surface passivation, pumping scheme, core-shell design,
coupling to surface plasmon modes and photonic crystals [41-44].

In view of the already extensive literature dealing with phosphors, the intent of this chapter is to
overview the physics of phosphors in the spirit of pointing out the fascinating and still not completely
understood behavior and challenging properties of nanoscale-sized materials acting as upconverters. In
this context, the emphasis placed in the introduction on basic definitions, nomenclature, radiative and
radiationless building-block mechanisms, importance of rare earth ions in luminescence is essential to
make the readership open to non-specialist readers and provide to a reader, new to the field of
luminescent materials, the needed knowledge to gain curiosity on the fascinating and still not
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understood field of upconverting nanomaterials. A preliminary and/or complementary reading of Refs
[23,45] can be useful to the reader to cover aspects mentioned and not developed in this contribution.
The chapter develops in two main sections. The first part focuses on basic physics of phosphors,
concepts of activator and sensitizer, interplay between dopants depending on doping level and energy
level scheme, dopant-dopant interaction mechanisms involved in the main upconversion processes. The
second part of the chapter develops and extends the topics related to nanomaterials overviewed in the
above preliminary introduction by pointing out the changes related to the spatial confinement in
comparison with bulk upconverters. Several examples as well as recent applications of upconversion in
the framework of nanomaterials are discussed. Due to the impossibility of covering all the aspects of
the physics and applications of upconversion at the nanoscale in this contribution, extensive
information on the literature is provided for the reader’s guidance.

2 Inorganic phosphors: hosts and dopants

According to a literature survey, inorganic phosphors can be categorized in three main classes
depending on their composition: the first class includes thermally and chemically stable crystals
embedding luminescent centers as stoichimetric components, the second class consists of optically
inactive materials (usually termed host crystals) doped with proper concentration and kind of
luminescent ions (activators, sensitizers, activator-sensitizer pairs as it will be discussed), and defect-
related luminescent materials emitting for a specific concentration of defect and/or reaction conditions
belong to the third class.

Luminescent pure lanthanide oxides, such as Eu,O3 and Th,Os, are examples of phophors whereby
luminescent centers (Eu** and Tb®") are stoichimetric components. The onset of radiationless self-
quenching processes related to the concentration of the luminscent centers makes them not particularly
efficient phosphors [46].

Turning to the other classes of phosphors, the choice of a host matrix is as crucial as the choice of
dopants: while the energy-levels ruling radiative and radiationless transitions depend on dopants, the
host not only provides the doping sites for the luminescent centers but is also responsible for the
chemical environment (ligand-dopant bonding), coordination number of dopants, dopant-to-dopant
distance and relative positioning, dopant-ligand coordination and site symmetry.

Although transition metal and actinide ions are also capable of upconversion [20], the fact that
lanthanide- ligand bonds are more ionic than transition metal-ligand bonds implies a larger number of
possible coordination numbers for lanthanides than for transition metals as well as more symmetries
[47]. Doping can lower crystal symmetry by combining the same oxidation state with different ionic
radius or dopant site symmetry in different host phases and lattice site.

2.1 Host crystals

Suitable host materials for upconverion are fluorides (i.e., sodium yttrium fluoride (NaYF,), lithium
yttrium fluoride (LiYF4), sodium lutetium fluoride (NaLuF,), calcium fluoride (CaF;)), lutetium
orthophosphate (LUPQOy), lutetium borate (LUBO3), vanadium yttrium oxide (YVQ,), zirconium oxide
(ZrOy), yttrium oxide (Y,03), gadolinium dioxide (Gd,Os). Tungstate, molybdate, and vanadate
compounds let indirect excitation of rare earths through energy transfer processes from the host. Since
such mechanism is more efficient than direct excitation of rare earths, efficient luminescence and high
brightness can be obtained.

As general guidelines, in order to favor efficient upconversion luminescence host lattices have to
fullfill a few key requests: i) close lattice matching with dopant ions to control lattice distortion, ii) low
phonon energies to improve the emission efficiency and reduce non-radiative losses according to the
multiphonon relaxation rate expressed by the exponential energy-gap law of Van Dijk and Schuurmans
[48], iii) transparency to both excitation radiation and upconversion emission (oxides, nitrides, and
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sulfides are wide gap host matrices fullfilling such transparency constraints), and iv) asymmetrical
crystal field leading to mixed parity states [49].
In regard to point i), changes in the volume of the unit-cell resulting from substitution of a host-ion by a
rare earth dopant can imply changes in the strength of the crystal-field around the dopant that shift its
emission energy. Inorganic compounds of trivalent lanthanides are a natural choice as host for rare
earth dopants. For instance, in the case of NaYF, working as host crystal, the residual difference
between the ionic radius of Y** and both Yb** and Er** implies poor lattice distortion in Yb**-Er** co-
doped NaYF,, which is a very efficient upconverter. Other elements with ionic size close to lanthanides
are alkaline earth ions (Ca?*, Sr**, and Ba®") and transition metal ions such as Zr*" and Ti*".
Turning to point ii), whereas the energy level structure of lanthanide ions is relatively insensitive to the
chemical background, phonon density of states play a key role in radiationless multi-phonon relaxation
transitions between closely spaced lanthanides’ levels. On the basis of the energy gap law [10,48],
unlike high lattice phonon energies that may quench excitation, low phonon energies yield enhanced
upconversion efficiency by decreased relaxation rate. Indeed, host matrices with low phonon energy
can drastically influence the competition between phonon-related and radiative processes, hence
impacting on the upconversion luminescence properties [50]. A guiding rule can be individuated on the
basis of the multiphonon relaxation rate expressed by the exponential energy-gap law of Van Dijk and
Schuurmans
AE
Wo=C exp -a—
hviy

where C and a are parameters characteristic of the host crystal and hvy, is the highest phonon energy of
the host that couples to the electronic transition between levels with energy spacing AE [48]. The
occurrence of multi-phonon processes therefore depends on both the host material and the electronic
structure of the involved levels. For a number of phonons larger than two, the logarithm of the multi-
phonon decay rate decreases linearly with the above defined energy gap, i.e., with the number of
phonons bridging the gap [47].Therefore, host crystals having low phonon energy hvy, decrease the
probability of radiationless relaxation channels, which is beneficial to improve the luminescence
efficiency. The phonon energy involved in energy transfer and upconversion pathways is lattice-
dependent [51].
Fluorides have attracted attention as host materials due to their low phonon energy (~350 cm™).
Hexagonal phase NaYF, doped with Yb**/Er** pairs is a very efficient upconverter under excitation at
980 nm. Also, over-performing upconversion results from the NaLnF, (Ln = La, Y, Lu, Gd) and LnF3
fluorides [52].
As a further example, trivalent Eu®* ion is a red-emitting dopant (*Do—'F; transitions, where J = 0, 1, 2,
3, 4) that shows low efficiency emissions from the higher-energy °D levels (°D; (green), °D, (green,
blue), and D3 (blue)) depending on phonon frequency and crystal symmetry of the host lattice as well
as doping concentration. The low phonon frequency of fluoride and oxyfluoride crystals makes them
suitable hosts for Eu** [53]. On the other hand, under low doping level (x = 0.008, 0.015), the
probability of emission from the excited °Dg 13 levels of Eu** is larger in Caln,O, than in Y,O3 as a
consequence of a vibration frequency of 475 cm™ for Caln,0, and 600 cm™*for Y03 [54].
In comparison with fluorides, whereas oxides exhibit better thermal and chemical stability as well as
mechanical strength, non-radiative losses makes the upconversion efficiency/brightness lower for
oxides than for fluorides. About oxides and halides exploited as host materials for upconverters,
stability is another critical issue. In the case of oxides, air stability coexists with not efficient
upconversion luminescence due to large phonon energies. Differently, phonon energies of halides are
small (< 350 cm™), which is favorable to high upconversion efficiency, but such hosts are unstable in
air and sensitive to moisture [55]. Phonon energy intermediate between oxides and halides is exhibited
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by ZnS, that, being very stable in air, is a valid alternative for upconversion (ZnS:Mn? is an example of
upconverter).

In regard to the impact of lattice symmetry, luminescence may be phase-dependent [29]. For instance,
as the site symmetry of Er** dopants is reduced turning from the O, symmetry of cubic NaYF; to the
Csn symmetry of hexagonal NaYF4and from the D4, symmetry of tetragonal ZrO; to the C,, symmetry
of monoclinic ZrO, [19], the upconversion luminescence of Er** is 10 times brighter as a result of
changed transition probability. Besides lowered site symmetry, shifting of the energy levels and
phonon energy can affect the upconversion luminescence too [56]. For example, due to low phonon
energy, hexagonal phase NaYF4 is a very efficient upconverter despite lanthanide dopants occupy a
high symmetry crystalline site [56].

2.2. Activator and sensitizer ions

In general, luminescence phenomena in phosphors result from a number of processes involving
interaction between dopant centers termed “sensitizer” (in brief, S), which is the ion directly excited,
and “activator” (in brief, A), which is the ion receiving energy from the sensitizer and yielding
luminescence. Hence, the simplest scheme is a two-ion sensitizer-activator interaction whereby a
sensitizer provides the energy levels bridging energy trasfer to the emitting activator center.
Commonly, sensitizer and activator ions are termed donor and acceptor, respectively, to refer to their
acting as donor and acceptor of energy.

Basic processes involving a sensitizer-activator pair, where ions can be identical and the sensitizer is in
its ground state, are represented in Figure 4: radiative energy transfer (Figure 4(a)), nonradiative energy
transfer (Figure 4(b)), and multiphonon-assisted energy transfer (Figure 1(c)).

The former process refers to a situation whereby energy transfer is radiative: the sensitizer (referred to
as S in figure ) decays radiatively and the emitted photon is absorbed by an activator (referred to as A
in figure) in its ground state that gets promoted to an excited level. The probability associated with such
process can be expressed as follows [20]

Psa R = g5(0) g, (v)dv

4TCR2TS
where o4 is the absorption-integrated cross-section, R is the activator-to-sensitizer distance, ts is the
sensitizer lifetime and the integral accounts for the spectral overlap between A and S. As psa scales as
R, resonant radiative transfer may allow long-range energy diffusion between identical ions
For nonradiative energy transfer, the excitation migrates from one ion to the other before it may decay
radiatevely and the ion-ion interactions are Coulomb interactions of the van der Waals type [57]. The
transfer probability can be expressed as follows
R 1 R, ®
pSA Tg R
if both transitions are electric dipole allowed transitionsm Ro being the critical transfer spacing (i.e.,
equal probability of excitation transfer and spontaneous deactivation). For electric multipole
interactions, the transfer probability is given by the relationship
R 1 R, °®
Psa 5 R
where s is a positive integer with the following values: s= 6 for dipole-dipole interactions, s=8 for
dipole-quadrupole interactions, s=10 for quadrupole-quadrupole interactions.Noteworthy, in the case of
dipole-dipole interactions, three criteria distinguish radiative and nonradiative resonant transfer. First,
for radiative transfer there is no critical concentration-dependent R,,.
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Figure 4: Basic sensitizer (S)-activator (A) energy transfer processes whereby the
sensitizer in its ground state: (a) radiative energy transfer, (b) nonradiative energy
transfer, and (c) multiphonon-assisted energy transfer.

Second, the transfer probability varies as R? and R® for radiative and nonradiaitve process,
respectively. Third, the sensitizer lifetime does not depend on the distance R for the radiative transfer.
Unlike nonradiative energy transfer, multiphonon-assisted energy transfer involves two ions with
excited states having an energy mismatch E at least of 100 cm™ [58]. Being such energy gap much
smaller than the energy mismatches exhibited by rare earths, multiphonon emission have to be
considered while dealing with luminescence processes of rare earth doped hosts. Up to 1966 all the
identified energy transfer processes between rare-earth ions were classified according to the schemes
reported in Figure 4. Differently from this picture, Auzel proposed to consider activators being already
in an excited state [16,17], leading to upconversion by energy transfer as a generalization to the case
where the activator is in a metastable state rather than in its ground state. These processes and their
implications in term of luminescence will be discussed later in detail.

In regard to more complex processes occurring in lanthanide—doped hosts, two main classes can be
individuated: sensitization by the host lattice (Figure 5(a)) and transitions involving dopants being an
activator (A) (Figure 5(b)) and a sensitizer” (S) (Figure 5(c)) [59].

Sensitization by the host lattice (Figure 5(a)) involves band-to-band photon absorption that generates
electron-hole pairs (typically excitons under UV excitation) followed by relaxation of conduction
electrons to donor levels (“D” label) and transfer of holes to acceptor states (“A” label) driving
radiative emission by levels of the donor-acceptor pair. In the absence of participation of the host
material in emission, luminescence involving discrete energy levels of emitting centers can occurs
according to two different situations. First, an activator dopant element (label A) gets excited to a state
A* by energy absorption and then emits radiatively through a down-conversion decay pattern (Figure
5(b)). Second, the desired radiative emission from an activator element can be induced indirectly by
energy transfer to the activator from a nearby sensitizer turned in an excited state (Figure 5(c)).

13



(a) (b) (<)
E;,A
= _Conduction band T I A | ST E> 1L A¥
5 % - ET \ 4

=

Absorption

Absorption
—
— | -
Emission

-_—
Emission
Absorption
— —
Emission

)
E—

Valence band S

|
>
-<-|
>

Figure 5: (a) Sensitization of the host lattice involving energy levels of foreign ions labeled by A
(acceptor) and D (donor). (b) Excitation by absorption of an activator element (A) to its excited state
A* and subsequent radiative emission through down-conversion. (c) The energy absorbed by a
sensitizer S turned to its excited state S* is transferred to an excited state of a nearby activator dopant
(A*) that emits radiatively. Dashed lines refer to non-radiative energy relaxation transitions.

The probability of energy transfer is favored by a large overlap between the wave functions of activator
and sensitizer, a short intrinsic decay time of the sensitizer, a large absorption strength of the activator,
and a short distance between the sensitizer and activator (the energy transfer rate drops very quickly for
activator-to-sensitizer spacing greater than about 1 nm).

3. Building-block ion-ion interaction mechanisms

Several ion-ion interaction mechanisms (stepwise photon excitation, energy transfer and energy
sharing, cross-relaxation, nonlinear collective processes) play a role in upconversion by rare earth
activated phosphors under increasing concentration of the active ions. The existence of various
pathways leading to upconversion luminescence is favored by the richness in the energy levels of
lanthanide ions. Activator-activator and activator-sensitizer interactions may take place through multi-
step processes including the building-block ion-ion fundamental interaction mechanisms illustrated in
Figure 6(a): from left to right, two-photon excited state absorption (2-ESA), two photon absorption
(TPA), resonant and radiationless energy transfer (ET), and cross-relaxation (CR).

For 2-ESA, which involves a single atom, two pump photons are absorbed by successive GSA and
ESA processes involving an intermediate energy state being usually a real long-lived state. That is, if
the energy of the pump photon matches the energy associated with the transition from the ground state
to an excited state of an ion, this ion is promoted to such excited state (GSA transition) and, by
absorbing a further photon, can be excited to a proper higher-energy-lying state through an ESA
transition. The presence of metastable excited states is important to enable that single excited ions may
sequentially absorb a second photon of suitable energy at comparatively low excitation densities and be
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promoted to an higher excited state. Following GSA and ESA transitions, the emitted photon has larger
energy than the excitation photon, hence leading to upconversion luminescence. In general, at least two
photons are required and similar processes involving more than two pump photons are termed N-step
ESA, where N refers to the number of stepwise absorbed pump photons. If the energy gaps between
three or more subsequent energy levels of a single ion are very close in energy, sequential excitation
(multi-step photon absorption, where each step requires the same photon energy) to a highly excited
state can be obtained by exploiting monochromatic low energy pump source.

Two or multi-step ESA processes are single ion processes. Although the absorption transitions involved
in ESA are mainly electronic transitions, they can be phonon-assisted transitions. Going from 2-ESA to
TPA, the absorption of two photon occurs via an intermediate level that, unlike the intermediate level
involved in the 2-ESA process, is a virtual rather than real level.

3.1 Energy transfer

Energy transfer is a particularly important process in rare-earth activated phosphors because, f-f
transitions being parity and commonly spin forbidden, lanthanide ions have long-living excited states
suitable for energy transfer that favor efficient upconversion luminescence. Basically, energy transfer
may take place between identical centers or between two different centers (an activator-sensitizer pair)
with matched energy levels and refers to a situation whereby the decrease of energy of a center causes
the excitation of a neighboring center (Figure 6(a)). Following absorption of pump photons, resonant
energy transfer by a sensitizer-activator pair transfers the excitation energy of the sensitizer to a nearby
activator ion being in its ground state or in an intermediate state. Hence, radiative energy transfer yields
photon emission from one emitter and subsequent absorption of the emitted photon by another ion, that
is energy transfer transitions whereby the change in the electronic energy on the donor ion equals the
change in the electronic energy on the acceptor ion. Resonant energy transfer transitions, can be
classified as: i) multipolar interaction if both transitions are electric dipole transitions, ii) exchange
interaction, if ion-ion spacing lets their electronic wave functions overlap and iii) (multi)phonon-
assisted energy transfer, if the energy difference between the energy transfer energies is compensated
by either phonon emission or absorption [59,60]. Hence, generally, energy transfer processes can occur
if the energy differences between ground and excited states of sensitizer and activator are equal
(resonant energy transfer) and if either a short-range exchange interaction or longer-range multipolar
interaction acts. Non-radiative energy transfer between a sensitizer and an activator can stem from
either electrostatic interaction (that is active over a long-range (10-100 A)) or exchange interaction
(that is active over a short-range (<10 A)) [61,62]. Exchange interactions are favored by high
concentration of the centers, large overlap between the electronic wave functions of sensitizer and
activator, short intrinsic decay time of the sensitizer, large absorption strength of the activator, and a
short (< 0.5 - 1 nm) sensitizer-to-activator spacing. From the theoretical standpoint, long-distance and
short-distance non-radiative energy transfer can be described by means of the dipole—dipole Forster
mechanism and Dexter exchange coupling mechanism, respectively. Electric multipole rather than
dipole—dipole (i.e., approximation that donor and acceptor are point dipoles) interactions have to be
considered when the ion-ion spacing is comparable with their size [20,62].

The Forster energy transfer mechanism works according to a very simple scheme: the sensitizer decays
nonradiatively from an excited state to its ground state while an activator in its ground state is
promoted to an excited state corresponding to the relaxation energy of the sensitizer ion. The Dexter
exchange coupling mechanism consists of electron exchange between a sensitizer-activator pair leading
to a spin-conserved singlet-singlet (that can stem from both exchange and electrostatic interactions) or
triplet—triplet (that can originate from an exchange interaction) energy transfer [20,63].

In the case of sensitizer and activator ions interacting electrostatically without energy mismatch, the
non-radiative energy transfer rate Wsa can be expressed in the framework of the Forster-Dexter model
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by the simplified relationship Wsa= Ws (Ro/R)°, where Ws=1/1s is the inverse of the lifetime of the
excited state of the donor ion, R is the sensitizer-activator (average) spacing, R, is the Forster radius
(i.e., the distance at which Wsa is equal to the probability of spontaneous deactivation Ws), and s = 6
for dipole—dipole interactions, s = 8 for dipole—quadrupole interactions and s = 10 for quadrupole—
quadrupole interactions [20,61,62].

In the case of the dipole—dipole Fo rster mechanism (s=6), experimental spectroscopic evaluation of R,
indicates that R’ depends on the spectral overlap integral J given by the emission spectrum of the
sensitizer and the absorption spectrum of the activator [20,63,64]. Since the probability of the Forster
energy transfer is proportional to J/R® and decreases rapidly for R>R,, enough concentration of ion-ion
pairs, below the threshold favoring concentration quenching, is needed for promoting efficient
sensitizer lifetime. Experimentally, a linear dependence of the energy transfer rate on the activator
concentration was reported [20,65]. In the presence of high enough concentration of the donor center,
donor-to-donor energy transfer may occur, that is the excitation energy may migrate among the closely
spaced donors until reaching a donor close enough to an acceptor center to complete the donor-acceptor
energy transfer process. Therefore, the Forster dipole-dipole energy transfer interaction is a dominant
energy transfer mechanism having importance depending on the doping content due to falling down of
such interaction according to the inverse of the sixth power of inter-ion distance.

In the case of energy transfer via the Dexter mechanism, the probability for the process is proportional
to the spectral overlap J and decays exponentially with the distance R according to the law exp (-2r/L),
where L is the sum of the van der Waals radii of the sensitizer and activator ions [62]. Hence, the
smaller the energy gap between the excited states of sensitizer and activator, the greater the energy
transfer rate due to increasing spectral overlap value [20].

Whenever an energy difference exists between the energy levels of the sensitizer and activator ions
(Figure 6(b), right panel where E1#E,), energy transfer may occur by means of radiationless phonon-
assisted processes (phonon assisted energy transfer, usually referred to by the acronym PAT) if the
energy mismatch can be compensated by simultaneous emission or absorption of phonons by the host
crystal [66]. Under this situation, according to the Miyakawa-Dexter theory, the energy transfer rate is
given by WSA,PAT (AE): WSA’pAT(O) exp(-B(AE), where AE (AE:E1+E2 in Figure 6(b)) is the energy
mismatch between the levels of the sensitizer-activator pair, Wsapat(0) is the energy transfer rate
without in the absence of energy mismatch, and £ is a parameter depending on the strength of electron-
lattice coupling and nature of the phonon participating in the PAT process [7,67,68].

Turning to energy transfer involving lanthanide ions, it can be described by the Forster dipole—dipole
interaction mechanism for several reasons. First, ion-ion distance larger than a few nanometers and
shielding of the f shells by the outer shells rule out orbital overlap of the f electron states that would
allow the Dexter energy transfer mechanism [20]. Moreover, the occurrence of metastable states in the
energy level structure of many lanthanides, random energy migration according to the Forster
mechanism favors energy migration and excitation of the emitting activator center or excitation due to
interactions among the neighboring lanthanides. On the other hand, the probability of energy transfer
being dependent on the sensitizer-activator distance and overlap spectral integral, the overlap spectral
integral is finite in the case of sharp emission and absorption of f levels and tends to zero in the
presence of an energy mismatch larger than a few phonon energies of the host lattice (Dexter
mechanism). Noteworthy, the weak crystal field splitting of energy levels of lanthanides results in a
slight broadening of their emission and absorption spectral range. Therefore, nonradiative energy
transfer with resonantly matched emission and absorption is more probable [20,36], resulting in not
negligible contribution of concentration-dependent, radiationless energy transfer processes to photon
upconversion.
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When a resonant radiative energy transfer transition occurs (Figure 6 (b), left panel where E;=E,=E),
the transfer efficiency depends on how efficiently the sensitizer emission excites the activator
fluorescence as well as on the spectral overlap between the sensitized emission and the activator
absorption. For instance, although upconversion can be obtained by a single dopant (for example by
Er** activator ion), enhanced upconversion luminescence can result from using a sensitizer (for
example Yb**) to enhance the near-IR absorbance.

Noteworthy, energy transfer between rare earth ions may be either advantageous or deleterious. For
instance, while Yb** — Er®*" energy transfer lets improve the pumping efficiency of solid-state laser
devices [69], in contrast, Er** — Er** energy transfer is a loss mechanism for fiber amplifiers at 1500
nm [70].

3.2 Cross-relaxation

Among ion-ion energy transfer processes, cross relaxation promotes the acceptor ion, in an excited
state or in its ground state, to a higher energy state at the expense of the donor ion that decays to a
lower energy state. Cross relaxation is a radiationless process in which an ion, raised to an excited state,
decays to a lower energy state E by losing an energy amount AE while another center is promoted to an
excited state by absorbing the energy AE (Figure 6(a)). That is, the occurrence of a cross relaxation
pathway requires that both donor and acceptor ions have two approximately energy matching levels.
Following a cross relaxation event the decrease of energy of a center is associated with the excitation of
another neighboring center. For instance, an excited ion may transfer part of its excess energy to
another ion leading to a final energy configuration where both ions occupy an intermediate energy
level. Therefore, cross-relaxation can be exploited to raise a ion to an excited state by ion-ion
interaction rather than photon absorption. The two ions involved in cross relaxation may be like centers
(meaning that energy migration takes place without energy loss) or unlike centers with energy matched
levels (i.e., two pairs of energy levels having the same energy spacing). Since cross relaxation is a
mechanism to transfer excitation, in the case of identical levels (for instance sensitizer ions), energy
migration can occur without energy loss or by self-quenching under energy loss or change of the
emitted photons. In the presence of an energy mismatch between sensitizer and activator, such energy
gap may be compensated for by the absorption and emission of phonons. In this case the cross
relaxation process is referred to as “phonon assisted”. Therefore, for a pair of ions, the energy gap may
be equal or matched by one or more phonons.

The working principle of cross relaxation can be clearly illustrated by the example depicted in Fig. 6(c)
that refers to a Nd**-Nd** pair. Once one Nd** ion is excited to the metastable *Fs, level, it interacts
with a nearby like ion in the ground state (Fig. 6(c), left panel) by transferring part of its energy. As a
result, both Nd** ions turn in the intermediate “I1s, state (Fig. 6(c), right panel). Since the energy gaps
to the lower-lying energy states are small, both ions decay non-radiatively to their ground state.
Therefore, the original excitation energy is converted into heat in a short time-scale with respect to the
radiative lifetime under high rate of energy transfer. A distribution of different cross relaxation rates
results from Nd** ions arranged with different relative spacing. Hence, since one excited Nd** ion is
required for cross relaxation, luminescence quenching (i.e., loss of radiative efficiency) changes
according to a non-exponential law and is independent on the pump power [71].

As a further example, in Er¥*/Tm*co-doped upconverters, cross relaxation takes place in the
intermediate states of Er®* by means of two cross relaxation channels (*liy, + *Hiyp-*lis + “Fa and
*F7i2 + PHiro-"Hon(*Gop) + “For) that weaken green emission from ?Hiy, and “Sgp, to the *l11s, ground
state and enhance red emission from “Fg, and blue emission from 2Hg/2[20,72]. Moreover, in
Yb*/Ho*/Ce** triply-doped hexagonal-phased NaYF, crystal, the parity allowed 4f-5d transitions of
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Ce®" ions can depopulate the °F4/°S, green emitting states of Ho**while populating the °F, red-emitting
level of Ho®* by two cross relaxation pathways given by [73]:
*Fal °Sz (H0™) + *Fsp2 (Ce™) — °Fs (Ho™)+ *Fy (Ce™)

*ls(H0™") + Fe2 (Ce*") — °l7 (HO>)+ 2Fop (Ce™).

Matching-energy excited states of lanthanides can couple with one another through cross relaxation
multipolar interactions for doping concentration exceeding a certain threshold. Therefore, cross
relaxation is a dominant radiationless relaxation at high concentration of the centers. The cross
relaxation rate Wcg can be expressed as follows versus the concentration of the involved activators Ca
Wcr = CuCA™, where the excitation migration constant Cy depends on the average ion-ion spacing,
m=1 for ions with fast energy diffusion and m=2 for ions with limited rate of energy diffusion
[20,65,74]. Cross-relaxation is characterized by short lifetimes and decreased luminescence intensity.

3.3 Luminescence quenching

The class of luminescence quenching phenomena includes losses of radiative efficiency resulting from
several contributions, such as: i) thermal quenching (non-radiative relaxation to the ground state from
excited state parabolas), ii) radiationless energy transfer involving killing centers, disorder-induced
states, vacancies, sensitizer or activator with changed valence, iii) absorption of the excitation energy
by both luminescent centers and host lattice, iv) host absorbing the emission photon and v)
concentration quenching, that is a radiationless energy transfer pathway due to concentration of the
luminescent centers larger than a threshold value.

For instance, fluorescence quenching results whenever, following energy transfer from a sensitizer ion
to an activator ion, the activator relaxing non-radiatively causes deactivation of the expected
fluorescence and reduction of the quantum efficiency.

Energy transfer to lattice vibrations (phonons) may result in a quenching mechanisms. The rate of
nonradiative energy transfer due to lattice vibration depends on the host material and the gap between
energy levels in that the larger the gap, the more phonons are required to bridge the gap and the lower
the probability of phonon-assisted decay is.

The most popular and critical luminescence quenching phenomenon in rare earth activated hosts is
concentration quenching [75,76]. It is a known effect in Nd**-doped yttrium aluminum garnet (YAG)
laser bulk crystals [77], whereby it limits the amount of the luminescent centers usable for doping.
Cross relaxation can be responsible for luminescence quenching for concentration of the activator ions
above a threshold value, depending on dopant and host, yielding the maximum luminescence intensity.
Theory of concentration quenching in inorganic bulk phosphors was developed on the basis of resonant
transfer of electronic excitation from the absorbing center to another identical center followed by the
participation of a quenching site [78]. It was found quenching of luminescence in bulk materials for
concentration of the activator of 101072 M [78] due to energy transfer processes between dopants
favored by shorter relative inter-ion distance. According to the Auzel’s model, concentration quenching
is active whenever the average distance between the luminescence centers is short enough to fulfill the
following relationship between dopant concentration (C) and fluorescence lifetime (t(c)) [79]:

where 1 is the lifetime of the radiative transition, cq is a constant and N is the number of phonons
generated via non radiative relaxation (i.e., the multi-phonon order).

High doping content favors both energy migration (i.e., transport of the excitation energy far away
from the initial excited sensitizer) of excited states between neighboring sensitizers and cross relaxation
between activators. In the case of center-to-center distance of a few nanometers, overlapping between
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absorption and emission bands, and allowed transitions, resonant transfer by dipole-dipole mechanism
can occur with high probability (~10% sec™). It involves energy migration processes (energy transfer
and cross relaxation) and may imply a shortening of the excited-state lifetime according to the
empirical formula tans= Too/(1+(p/Q)P), where 1o, is the lifetime in the limit of zero concentration and Q
is the quenching concentration [71]. Hence, control on the doping level is critical to limit undesirable
luminescence quenching. To detail, in order to obtain efficient upconversion in the hexagonal-phase
alkaline rare-earth fluoride crystals, the concentration of the sensitizers and activators should be around
20 mol % and below 2 mol %, respectively. For instance, in NaYF, host lattices, the concentration of
Tm** dopant should be in the range of ~0.2-0.5 mol % with ~20-40 mol% Yb** to avoid
concentration quenching effects [80,81]. The threshold of concentration quenching also depends on the
host crystal [79].

The occurrence of a threshold for the onset of concentration quenching is particularly critical in
nanoscale luminescent materials due to the reduced volume and increasing relative fraction of dopant
centers close to the surface. Turning from bulk to nanoscaled phosphors, well-designed strategies have
to be applied to overcome the stringent limitations due to concentration quenching [82].

4. UPCONVERSION: fundamentals and dynamics

As overviewed, upconversion luminescence refers to emission of one photon with higher energy than
the pump photon. Luminescence dynamics via upconversion in rare- earth doped phosphors can be
depicted as occurring in three main stages, that is energy absorption under excitation, energy transfer
and/or migration among several levels, release of energy by radiative and/or radiationless processes and
emission of upconversion photons.

The basic requirement for generating upconversion luminescence is the presence of at least two
metastable excited levels. Upconversion processes of singly doped phosphors are strongly affected by
the distance between two neighboring activators and the absorption cross-section of dopants. The
former parameter can reduce the upconversion efficiency due to cross-relaxation processes enhanced
by high dopant contents that cause luminescence quenching. On the other hand, a low absorption cross-
sections of the lanthanide activators negatively impacts on the pump efficiency. A strategy to increase
the absorption of lanthanide-doped upconverters is the introduction of an additional dopant playing the
role of sensitizer and with energy levels able to ensure efficient energy transfer to the activator dopant.
In this respect, well suited lanthanide ions for upconversion are Pr®*, Nd**, Ho*", Er*" and Tm*" that
have intermediate metastable levels able to be populated by absorption of near-IR photons.
Furthermore, they exhibits long-lived excited states emitting intense green and UV photons and Pr* is
very versatile because it can emit blue, green and red fluorescence from the same level.

In general, photon energy, symmetry of the host materials, amount of activator and sensitizer dopants
and the lattice constants play a major role in affecting the upconversion strength.

Enhanced-efficiency upconversion luminescence can be promoted by sensitizer-actuator co-doping
with a sufficiently large absorption cross-section in the near-IR spectral region of the sensitizer. Since
the energy level sequence of most activators is complex, phonon-related transitions are necessary to
observe upconversion if the excitation light does not match the upconversion transitions. An efficient
sensitizer has to have strong and broad absorption/emission to favor energy transfer to the absorption
lines of the acceptor ion.

In this paragraph, the building-block mechanisms leading to upconversion luminescence are classified
and discussed and, furthermore, a few examples are provided to illustrate the role played by the discrete
energy levels of rare earth dopants in upconversion emission.
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4.1 Mechanisms/pathways leading to upconversion emission

In general, mechanisms leading to upconversion emission can be classified into five main reference
mechanisms with different efficiency: i) multi-step excited state absorption (ESA), ii) upconversion by
energy transfer (ETU), iii) cooperative processes, iv) photon avalanche (PA) and v) energy migration-
mediated upconversion (EMU) [20].

i) In the presence of a single kind of rare earth dopant (activator) at low concentration, the simplest
example of upconversion process is two-photon excited state absorption (2-ESA, Figure 6(a)), referring
to sequential absorption of two pump photons by a single ion with multiple energy levels, It can be
generalized to multi-photon excited state absorption, as already discussed. In order to enable sequential
absorption of several pump photons, the intermediate energy levels of the luminescent centers have to
be stable and exhibit proper electron populations. In this respect, high pump power density and large
absorption cross-section are favorable conditions for the occurrence of ESA processes.

While interactions between centers can be neglected at low doping concentration, under increasing
dopant concentration (> 1%), centers begin to interact each other and activators may act as sensitizers,
in that they transfer the excited energy to centers that assist the upconversion luminescence via
intermediate processes. In this framework, non-radiative cross relaxation can deteriorate the emission
intensity and, as a consequence, the probability of ESA processes decreases.

i) Energy transfer upconversion (ETU), which is the most popular upconversion mechanism and is
depicted diagrammatically in Figure 7 (a), is more efficient than ESA and is by far the most efficient
upconversion mechanism in lanthanide doped upconverters. Being independent on the pump power, it
results from successive energy transfer pathways between ions at different sites whenever an activator
is in an excited state. In the case of activator-activator pairs (Figure 7(a), left upper panel), intermediate
levels of the two centers are excited by GSA under radiative excitation followed by excitation to a
higher lying energy level of one of the two centers via energy transfer. Then, while the donor ion
decades to its ground state without luminescence emission, the highly excited ion decays by
upconversion luminescence. Alternatively, in the presence of an activator-sensitizer pair consisting of
unlike centers, only the sensitizer ion may absorb the pump photons and be excited by GSA absorption.
Subsequently, the activator is excited to a higher energy level via energy transfer from the sensitizer.
After that, such excited activator is promoted to a higher excited state by a second energy transfer
process from the sensitizer. Finally, the activator decay via upconversion luminescence to its ground
state (Figure 7(a), right upper panel). Since two energy transfer processes are involved, the above
described upconversion mechanism is also termed “successive energy transfer”. For instance, the ETU
mechanism is the photoluminescence mechanism of Yb**-/Er®*, Yb**-Tm* and Yb**-Ho*>" pairs. In the
presence of an energy mismatch between sensitizer and activator, phonon assistance is necessary to
bridge the energy gap (phonon-assisted energy transfer).

Iii) Sensitization can involve one or more ions. In the latter case, the process is termed “cooperative”
when active ions are distributed at sufficiently short distances they can interact each other. Figure 7(b)
reports the general scheme of cooperative sensitization: the excitation energy gained by two identical
ions is transferred to a third ion which is promoted to a highly excited state and, subsequently, decays
via upconversion. Under this situation, if emission of one photons occurs from two excited interaction
ions, then the upconversion. process is termed “cooperative luminescence” (Figure 7(c)). For instance,
in purely Yb**-doped nanocrystals, the formation of Yb*-Yb** dimers can lead to blue cooperative
upconversion emission [83].

In any discussed situation, pump photons have to match the energy of one transition and the
upconversion emission intensity is proportional to the n™ power of the incident flux, where n is the
number of the process’s steps.
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Figure 7: Schematic representations of upconversion luminescence (UCL) processes: (a) energy
transfer upconversion (ETU), (b) cooperative sensitization, (c) cooperative luminescence, (d) photon
avalanche (PA) and (e) energy migration-mediated upconversion (EMU). Upward red arrows refer to
direct excitation processes, downward thick shadowed grey arrows refer to upconversion emission,
Upward and downward light gray thin arrows indicate intermediate transitions and curved black
arrows refer to energy transfer processes.
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iv) Turning to the PA process [84], the simplest energy scheme of such process is represented in Figure
7(d). To detail, as the energy of the pump photon matches the energy gap between two excited states
(the lower energy lying being metastable) of the upconverting ion, pumping promotes such material to
a highly excited state (termed super-excited) without any resonant GSA. Subsequently, resonant cross
relaxation between the super-excited level and a neighboring ground state center leads to populated
intermediate states of both centers. Iteration of such mechanism enables to populate the intermediate
states above the excitation threshold, hence creating favorable conditions for avalanche transitions until
the depopulation of the super-excited level is less effective than that of the ground state. Upconversion
luminescence following PA is poorly efficient in particular in the case of nano-upconverters [85].

V) In the absence of intermediate levels, enhanced upconversion efficiency from the activators can be
obtained via the energy transfer mechanisms occurring in EMU. This process typically involves four
types of luminescent ions acting as a sensitizer, an accumulator, a migrator and an activator according
to the dynamics represented diagrammatically in (Figure 7(e)): an ETU process populates the higher
excited state of the accumulator, the energy absorbed by the accumulator is transferred to the migrator,
and sequential energy transfer between the migrator ions leads to the energy being trapped by a
neighboring activator. Upconversion luminescence occurs from the activator and accumulator relaxing
to the ground state. Typically, the luminescent centers yielding EMU are incorporated into separate
layers (for instance, core-shell structures) with finely tuned concentrations.

In general, relaxation rates, energy transfer probability, rare earth concentration and energy mismatch
(meaning eventual participation of phonons) play a role in the efficiency of the process that is
determined by the efficiency of the several stages of the whole upconversion process [20].

4.2:Examples

In the case of singly doped upconverting phosphors, the most widely used activators are Er®*, Tm*",
and Ho>" owing to their energy levels well matching the energy of the most commonly exploited
transition (°Fz, — %Fs;,) of Yb®" ion under 980 nm excitation.

4.2.1. Single doping: Er®* ion

Figure 8(a) shows a schematic diagram of the energy level structure and transitions (both radiative and
phonon-mediated) of trivalent Er** excited via photon absorption at 980 nm. Noteworthy, several pairs
of energy levels (for instance “li -*lis;, and *l112-*F712) are separated by an energy gap of 1.27 eV
(corresponding to the wavelength value of 980 nm). This fact can be exploited to induce efficient
upconversion luminescence under excitation at 980 nm of Er** ions. The radiative emission transitions
of Er ** are listed in Table 1 (left column) and typical upconversion processes of Er®*are depicted in
Figure 8(b). The emission spectrum of Er** is usually dominated by the *Sg;, — #15, transition (~660
nm) and *Fg;, — #1352 transition (~540 nm) in o-NaYF, and p-NaYF., respectively, host crystals with
emission efficiency higher in B-NaYF, than in a-NaYF, [86]

Operatively, upon excitation at 980 nm, rather than being excited to the *F7j, level, Er** ions in the *I11
level can decay to the *lyz, level, followed by excitation to the *Fo, level via phonon assisted energy
transfer. As a result, Er** jons can relax radiatively by at least three different transitions, that is green
emission (525/545 nm by the Hi1/, —”l1s;2 and *Sz—"l1sp2 transitions) and red emission (656 nm by
the *For,— *115» following two-step photon absorption). The 4 1 15, level of Er** is metastable.

Turning to a co-doping example, the hexagonal NaYF4 fluoride crystal (B-NaYF, phase) co-doped
with Yb**-Er®* or Yb**-Tm®" pairs is one of the most efficient up-converter under excitation at 980 nm
[86]. In NaYF, the Yb* and Er** dopants substitute the host Y** ions without changing the crystal
structure.
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Figure 8 Schematic diagram of (a) the energy level structure and radiative (straight arrow) as well as
nonradiative decay transitions of Er** and (b) typical upconversion processes of Er**
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Table 1: Radiative emission transitions of Er **, Th*, Nd** and Tm*" lanthanide ions, where fluorides are
suitable hosts for upconversion. The upconversion transitions are labeled by the acronym UC.

Er** Tb*" Nd** Tm®
Transition A Transition A Transition A Transition A
(hm) (nm) (nm) (nhm)

2P 21— 1510 320 D,—'Fg (UC) | 381 2P, =g 430, | Ys>°F, 290

4Grip—" 15 383 5D,—'Fs (UC) | 415 2P, »— *114,, (UC) 482 Hs—°F, 345

2P 3/2—)4| 13/2 403 5D3—)7F4 (UC) 438 2P1/2—) - 4|13/2(UC) 525 1D2—)3H5 362

“Hop—> s (UC) | 415 | *Da>’F (UC) | 489 | “Grp - “lop, (UC) 535 | 'D,»°F, | 450

2p 0% 110 470 °D,—'Fs (UC) | 541 2P, > - Ay, 580 1G,—°H, 475
(Uc)

Hyp—" 152 (UC) | 525 °D,—~'F4 (UC) | 584 *Grp—> - 600 1G,5°%F, 644
“Gp + °Grp— - “19»(UC)

*S 30— 15 (UC) | 542 °D,—'F; (UC) | 619 *G7p—> - *l13(UC) 664 3F,—°H 694

*S 31 15, (UC) | 550 Gy - *1151 (UC) 766 | *H,—3H; | 803-825

“Gup—"11n 618 p, -G, 1510

*Fop— “lisp (UC) 656

‘Gon = " g 667

9> *l 1512 793

*S 30— 131 849

I 1307 1512 1540

4.2.2. Co-doping: Yb**-Er** and Yb**-Tm*" pairs

An excellent sensitizer for photon upconversion isYb®" due to its high absorption cross-section (9.11 *
10 cm™) at 976 nm (°F7, — Fs, transition) among lanthanides and very simple energy diagram
including one excited state (the level 2Fs),) close in energy to levels of Er** and Tm** (Figure 9). Hence
the Er’*-Yb*" pair is an optimal activator- sensitizer pair for upconversion luminescence under
excitation at the 980 nm laser-diode wavelength [87]. On the other hand, closely spaced energy levels of
an activator can have a negative impact because the rate of non-radiative relaxations decreases
exponentially with increasing separation between its levels. On this basis, Er**and Tm** are ideal ETU
activators [88,89].

In this framework, efficient multicolor upconversion luminescence was demonstrated in colloidal
lanthanide NaY F, nanoparticles codoped with Yb**-Er** and Yb*"-Tm®" pairs, leading to strong yellow
and blue emissions [90]. The efficent infrared-to-visible upconversion allowed by the Yb**-Er**system
works according to the mechanism indicated schematically in Figure 9ga). Yb**ions have a simple
structure of electronic levels and energy matching between the transition “F7;, — ’Fc, and the exciting
wavelength 980 nm of laser diodes. Moreover, the excited states of Yb®* ions also match with excited
levels of Er¥*, Tm*, and Ho*, hence enabling energy transfer processes. In the case of the Yb**-Er**
pair, an Yb® ion excited into the *Fs, level via 2F7; - 2Fs), upward transitions relaxes by raising an Er**
ion to the *l11, level (transition *l1s-*111/2). Subsequently, another Yb** ion excited into the %Fs, level
relaxes and promotes the previously excited Er®" to the higher energy “F7, level. Phonon-induced
relaxation occurs between the small energy gap levels lying above the “Sg, state and, finally, green
emission at 540 nm via the transition *Sz;, — *l15,and red emission via the transition *Fo,— *115/; yield
upconversion luminescence. Fast resonant energy transfer of the excitation among Yb** ions boosting
the upconversion emission requires relatively high (10% or greater) concentration of Yb**.
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Figure 9 Scheme of the energy levels of Yb3+, Er3+ and Tm3+ ions pointing out the energy
transfer mechanisms concurring to the upconversion luminescence resulting by Yb*—Er** and
Yb*-Tm®" pairs under excitation at 980 nm,

Analogous dynamics occurs in the case of Tm*"-Yb®* pairs (Figure 9(b)) that, under excitation at 980
nm, yield UV emissions at 290 nm (five-photon process), 345 nm (five-photon process) and 362 nm
(four-photon process), visible emissions at 450 nm (four-photon process), 475 nm (three-photon
process), 644 nm (three-photon process) and 694 nm (two-photon process), and near-IR emission at
800 nm (two-photon process) (Table 1). Cross-relaxation plays a role in Er**-Tm**co-doped
upconverters through the 2|11/2 + 2H11/2-4|13/2 + 4F3/2 and 4F7/2 + 2H11/2-2Hg/2(269/2) + 4Fg/z channels that
weaken the green emission from the Hy1s2 , *Ss;o — *l1sp2 transitions and enhance the red emission from
“Fgr2 as well as the blue emission from 2Hgy, [20,72] .

By comparison with the Yb**—Er®" pair , the discrete and ladder-like, rather than dense, distribution of
the energy levels of Tm®" implies that more than two-photons can be involved in the upconversion
emission from the Yb**-Tm®" coupling as well as reduced probability of multi-photon upward
transitions. Under the application of the 980 nm excitation wavelength, the excited electrons relax to
the ground state *F.p of Yb** and a radiationless energy transfer process occurs to the 3H5 state of a
Tm?** followed by electron relaxing to the 3F; state that allows the *F, — *F, upward transition via
resonant energy transfer from Yb®". Then, relaxation processes populate the *F; and *H, states and F; -
*Hg (694 nm) and *H, - *Hs (800 nm) transitions are induced. For increasing pump power, the *H,
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-Gy, 'G4-'D; and 'D,-*P, upward transitions can be prompted that result in the ‘G, — °F4 (644 nm),
G, >°Hg (475 nm), 'D, — 3F4 (450 nm), *D, — *Hg (362 nm), *lg — *F4 (345 nm) and *lg — *Hg (290
nm) radiative decay transitions. The concentration of Yb** dopant is usually kept at 20% or higher in
combination with much lower (less than 2%) content of the activator to minimize undesirable multi-
photon cross-relaxations favored by complex and dense energy level structure of the activator.
Noteworthy, the presence of radiationless relaxations, competition between several energy transfer
pathways, upconversion and down conversion transitions as possible sources of energy losses. For
instance, generation of white light emission via upconversion in triplg/ doped (usually Tm**, Er** or
Yb*, for absorption of Yb* and energy transfer from Yb** to Er¥*/Tm*" ions) oxide and fluoride hosts
to overlap sharp red/green/blue emission lines suffers from energy quenched by means of unexpected
cross relaxation processes.

5. Nano- upconverters

5.1 Introduction and relevant applications

Similarly to bulk inorganic phosphors, commonly, nano-sized inorganic phosphors exhibiting
upconversion (referred to as “nano-upconverters” hereafter) consist of a nominally pure host crystal
doped with a proper kind, combination and amount of activator and/or sensitizer centers characterized
by multiple energy levels. In this scheme, a sensitizer with high cross section areas absorbs the pump
photons efficiently and transfers the gained excitation energy to the activator, having ladder-like
multiple intermediate excited states, via several intermediate energy transfer pathways. An excited state
of the activator matching the energy provided by the sensitizer and with long enough lifetime (i.e., a
few microsecond) is needed to yield visible and even ultraviolet upconversion emission from the high
energy levels of the activator [91]. A typical example of nano-upconverter is NaYF, nanocrystalline
system doped with Yb*" ions acting as sensitizers and Tm*" or Er** ions working as activators
(emitters).

Although the composition of nano-upconverters mimics bulk phosphors, important and peculiar
differences stem from the spatial confinement that will be overviewed in the following discussion and
examples.

As a first remark, size-confinement effects playing a role in the field of nanophosphors should not be
confused with quantum size effects (i.e., quantum energy spectrum and blue-shift of the band-gap for
decreasing size) that determine the spectral response of semiconductor quantum dots [92]. Although
several kinds of luminescent nano-sized upconverters have been reported in the literature (eg, graphene
quantum dots, CdSe and CdS nanoparticles, CdSe/InP colloidal nanoparticles, PbSe/CdSe/CdS
heterostructures [93-96], rare-earth doped nano-upconverters exhibit several peculiarities. For instance,
the emission spectrum of semiconductor quantum dots is strongly dependent on the nanoparticle size
(quantum size effects) and, due to blue-shift of the energy band gap for decreasing size, excitation may
require UV pump photons. Such effects are not active in rare-earth activated nanophosphors [35], where
scaling down the size to the nanoscale makes critical the role played by the surface-to-volume ratio,
surface-related defects and disordering, dopant site symmetry, phase of the crystalline matrix, dopant-
ligand distance and strength of the coordination, distribution of activator-sensitizer ions, surface
composition and coordination [97]. On the other hand, nano-upconvertes do not exhibit host-sensitized
emission due to lanthanides dopants, meaning that lanthanide dopants play a key role in each step of
the processes leading to upconversion luminescence. Moreover the 4f electrons of rare earth ions being
shielded by the outer 5s and 5p electrons, their electronic transitions involving the f levels present long
lifetime emission and narrower bandwidth than quantum dots [88,98-100] as well as a larger number of
discrete energy levels with multiband emission ranging from the visible to the short wavelength IR
radiation. Further, rare-earth doped upconverters can be photo-excited by near-IR low-energy photons
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in the optimum transparency window of the biological tissues, that involves deeper penetration depth in
biological tissues, noninvasive photo-treatment and reduced damaging to biological samples due to
avoided UV excitation. In this respect, limitations (for instance, high signal-to-noise ratio and limited
sensitivity) of the most fluorescent down-converting materials (dye molecules, quantum dots, and dye-
doped silica/gold nanomaterials) in terms of their excitation sources (ultraviolet (UV) or visible light)
inducing photo-damage to biological specimens and autofluorescence has prompted the applicative
interest in nano-upconverters [101]. Additionally, the metastable energy levels of the trivalent
lanthanide ions are favorable to the establishment of population inversion and amplified stimulated
emission at relatively low pump power. From the applicative standpoint, excitation in the optical
window allowed by upconversion open the way to applicative opportunities of nano-upconvertes as
luminescent markers in the diagnosis and therapy field of luminescence biomedical imaging and
labeling with negligible auto-fluorescence of the biological background [102,103]. As a further remark,
the advantage of efficient multi-photon energy transfer makes single nano-upconverters detectable
under conditions of low excitation power density (~ a few hundred W/cm?) suitable for in vitro and in
vivo bio-imaging [104,105], near-infrared induced photothermal therapies [106] single particle tracking
[107], deep tissue nano-thermometry sensing [108]. Hence, rare earth-activated nano-upconverters
represent a valid alternative to organic fluorophores and quantum dots due to large anti-Stokes shifts
(up to 500 nm), long luminescence lifetime (metastable energy levels), excellent photo-stability, high
color purity, high quantum vyields, quantum cutting, weaker auto-fluorescence background under IR
excitation, deep penetration lengths of IR radiation in biological specimens and tissue, minimum
background noise in the case of applications in vivo, low cytotoxicity to a broad range of cell lines,
absence of photo-blinking and photo-bleaching [37,100,109-113]. The many advantageous properties of
nano-upconverters have favored a broad range of applications, including, in addition to the above
mentioned, lighting [45,114,115], displays [39,116], optical imaging [117,118] , drug delivery [109,119], bio-
imaging and biomedical imaging [106,120-122], magnetic resonance tomography [123], photovoltaic
devices [124], lifetime multiplexing [125], photochemical reactions [126], biosensing, super-resolution
microscopy and nanoscopy [127], nano-thermometry in cells [128], short wavelength IR radiation
imaging [118], photodynamic therapy [129], labelling for in vitro and in vivo photoluminescence
bioimaging [104,130], bioassays [131,132], amplified stimulated emission [72].

5.2 Spatial-confinement —related phenomena/effects

New pathways in the research field of nano-phosphors date to the first observation of two peculiar
aspects occurring in Mn?**-doped ZnS nanocrystals [133]. First, room-temperature photoluminescence
quantum efficiency was found to increase with decreasing size R (from < 1% at R=70 A to nearly 18%
at R=3.5 A) leading to efficiency comparable to the bulk material. This finding was tentatively
associated with chemical passivation of the surface of the nanocrystalline powders and reduction of
surface-related radiationless recombinations due to the introduction of the Mn impurity. Second, by
comparison with the bulk counterpart, experimental evidence demonstrated luminescence lifetime of
the Mn % *T, — °A\ transition faster by more than 5 orders of magnitude (ns versus ms) in the presence
of high radiative efficiency (~ 20%). This effect was interpreted as a result of the confinement-related
enhanced importance of the nanocrystal surface leading to faster trapping and recombination times in
the energy transfer between the host crystal and the Mn dopant due to increased overlap (mixing) of the
s-p and d-f wave functions of host and Mn dopant, respectively. In the case of ZnS nanoparticles doped
with Mn*"ions, although efficient upconversion results from two-photon excitation [134], broadband
emission from the d — d transition in Mn”" is not suitable for biological labeling and imaging
applications. Hence, in the perspective to exploit sharp emission lines, rare earth dopants were
considered as a suitable alternative. Strong upconversion luminescence of both dopants was reported in
Mn**-Eu®* co-doped ZnS nanoparticles [135].
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Nanoscale-induced emission enhancement and tunability were also reported in the case of yttrium
oxide (Y,0s3) nanoparticles co-doped with Yb** and Er** ions [136] and for decreasing particle size
(from 55 to 13 nm) due to the small exciton Bohr radius [87].

Efficient multicolor upconversion emission in NaYF,; nanocrystals was first demonstrated in the
presence of Er*-Yb** and Yb*-Tm*" pairs [90,137]. Noteworthy, NaYF, nanocrystals have been
intensely investigated as highly efficient upconversion host materials [86] enabling a so high brightness
that single upconverting nanocrystals as small as 27 nm can be observed in confocal microscopy
analysis [138] .

In the case of Er**-Yb*" co-doped NaYF, nanocrystals, increased red-to-green intensity ratio and
reduced luminescence lifetimes were observed for decreasing size [139]. As already described, under
980 nm laser excitation of Er**-Yb*" co-doped NaYF, nanocrystals, Yb*" sensitizers absorb the pump
photons via the 2F7/2—>2F5,2 transition and the nearby Er** ions are promoted to the *F,), excited state by
a two-step energy transfer from the excited Yb*®" centers. Then through increasing population of the
radiatively emitting states of Er®* jons via phonon-assisted processes, Er** ions emit in the green
(*Hu1, *Ssio—>4115 transitions) and red (*Fe;;— 115 transition) spectral range by upconversion [20,90].
Because of energy transfer losses due to the non-radiative decays *l11//*l13 (3598 cm™) and *Sz/»/*Fop
(3142 cm™) playing a major role for decreasing size, the competition between red and green emissions
results in a relatively higher red-to-green emission ratio in nanocrystals. In addition to size-dependence
of the green to red emission ratio at constant incident power [139], such quantity depends on the
excitation power too. In regard to the influence of the excitation density, the relationship 1= P", where P
is the excitation density, | is the upconversion emission intensity and n is the number of near infrared
excitation photons required to emit one upconversion photon, is valid under the assumption of a low
density excitation [5].

The spatial confinement may add complexity in the energy migration and transfer processes, as the case
of Er’" ion demonstrates: under the excitation of 980 nm, combination of several mechanisms (cross
relaxation and/or saturation effect of intermediate emitting levels) is responsible of different n values
for the two emissions at 545 nm and 650 nm that would require a two-photon process, based on the
energy matching principle. In this respect, the upconversion intensity of both green and red outputs was
found to change according to the law P", where n is a power ranging between 1 and 2 and P is the
excitation power [139] due to the relevant contribution of cooperative upconversion and negligible
emission from intermediate states [140]. The key quantity is the power density of the excitation-light
that may affect the entire process leading to upconversion emission through the initial deployment of
the excited states. Since under high density excitation more sensitizer ions (Yb®" ions) are in the
excited state, during the sensitizer-to-activator energy transfer saturation may occur if the number of
activators is not large enough. Hence, high density excitation would require increasing doping level of
the activator ions [141]. For instance, the quenching concentration of Tm®" ions was reported to be 0.2—
0.5% under low excitation conditions (below 100 W cm™) and to increase up to 8% under excitation
power density of 2.5 x10° W cm™. Similarly, for Er** —doped p-NaYF, nano-upconverters [142]:
whereas the brightness is higher with 20% Yb** and 2% Er®* than with 20% Yb**, 25% Gd*" and 20%
Er®* under excitation power-density of 3x10* W cm™, the Er** enriched nanoparticles over-perform the
conventional counterpart when the power density is increased above 3x 10® W cm™.

On the other hand, in Er**-Yb®" codoped NaYF, nanocrystals, due to Er** — Yb** back-energy transfer
induced by large content of Yb (25-60 mol%), decreased population of the excited levels of Er** (*Hgy,,
Hyy55, *Sgp) yields decreased blue and green outputs and, consequently, luminescence tunable from
yellow to red [143]. Hence, deliberate and proper control on the doping concentration enables to tune
the emission colors across a wide spectral range based on balanced overlapping of several emission
bands and tuning of their intensity ratio. The same effect can be achieved by exploiting the lattice
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structure. Indeed, more effective dopant-related symmetry breaking in the host material can result from
site distortion and surface lowered coordination favored by size reduction below 100 nm. From the
spectroscopy point of view, rare earth dopant-ligand distance and site symmetry affected by the spatial
confinement may induce changes in the J-L coupling and J mixing effects of the rare earth states with
respect to the lower energy levels [23]. This aspect points out how rare earth emission is not completely
independent on the host material, which may affect the spectroscopic response of lanthanide dopants by
lattice vibrations and crystal field site symmetry [144] as well as ion-ligand bonding length if multiple
lattice sites occur [29,145]. An applicative issue that can clearly explain this important point is
multicolor tuning under excitation by a single wavelength source. For instance, Dy**-ions present two
main emission bands: the characteristic blue luminescence (470-500 nm, 4Fg;» —®Hya), transition given
by a single decay component between Dy*" ions) and a yellow emission (560-600 nm, *Fe, —°His/,
transition) very sensitive to the host material. Hence, a proper content of Dy** ions occupying not
equivalent lattice sites in oxides results in changes of the yellow-to-blue intensity ratio versus Dy** -
ligand bonding length [146,147].

Therefore, in lanthanide-doped nano-upconverters, artificial control on the doping content (i.e., dopant-
to-dopant spacing) lets cover the entire visible spectrum color output by modulation of the intensity
ratio between different emission bands related to the involved lanthanide dopants [143]. Remarkably,
lanthanide assisted energy transfer and poor sensitivity of the lanthanide’s orbitals to its surroundings
imply that inter-dopant energy transfer pathways may be modulated by the dopant-to-dopant
coordination changed by miniaturization and dopant-to-dopant distance changed by doping
concentration.

Another interesting aspect is the size-dependence of the crystalline phase because the upconversion
luminescence efficiency can depend on the phase of the host. For instance, in NaYF, bulk crystal and
large-size nanocrystals, the upconversion efficiency was reported to be one order of magnitude larger
in the hexagonal B-phase than in the cubic a-phase [31,39,148]. Interestingly, the opposite effect was
observed in nanocrystals smaller than 40 nm: for size in the range 10-25 nm, the emission is stronger in
a-phased NaYF, than in B-phased NaYF, nanoparticles [39]. Noteworthy, NaYF, nanocrystals were
observed to turn from the B-phase to the a-phase for decreasing size from 20-45 nm to 6-14 nm [139].

A novel approach to increase the radiative transition rates in Yb**-Er** codoped nano-upconverters
based on local symmetry distortion was recently reported [149]: Y ions were progressively removed
from the B-phase of NaYF, nanocrystals and replaced by a 1:1 mixture of Gd** and Lu** that expand
and contract the lattice, respectively. The obtained In B-NaYs-»xGdxLuxFs @ Ybo1sErge2 Sub-25 nm
unshelled nanocrystals, for x varied from x = 0 to x = 0.24, showed a maximum quantum yield value
of 0.074% under excitation at 63 W/cm? of power density

5.3 Quenching effects

In addition to observable effects on output color modulation and upconversion efficiency of
nanocrystals, the doping content, that determines the inter-dopant spacing, may also impact on the
radiative processes resulting from interaction between lanthanide dopants due to an inherent upper limit
to the dopant content at the nanoscale and the role played by the surfaces yielding quenching effects.
For example, upon decreasing the size of the nanoparticle, several effect occurs: first, the hopping
length and the probability of donor-to-acceptor energy transfer are lowered due to decreasing
probability that a donor can find a neighboring matching acceptor; second, the numbers of acceptors
and donors decrease; and third, defect sites can prevent efficient energy migration by trapping effects.
As a significant fraction of surface atoms, enriched surface defects and organic ligands acting as
quenchers affect the photophysical behavior of lanthanide-doped nano-upconverters, luminescence
yield may be reduced with respect to the efficiency of the bulk counterparts. For increasing surface area
fraction, high-doping concentration may cause both cross-relaxation and energy migration to the
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surface quenchers due to shorter distance between dopants enhancing the probability of energy transfer
pathways [150,151].

Therefore, in nanoparticles increasing the sensitizer and/or activator content may drive the system from
a situation of enhanced emission brightness (due to increasing number of active centers with decreasing
spacing) to a situation whereby both energy transfer within the excited levels of the sensitizer-sensitizer
network and inter-activator cross relaxation as well as non-radiative energy migration decrease the
luminescence efficiency [82].

In general, increasing the content of the sensitizer ions may favor either the absorption of the pump
energy or energy migration between the sensitizer ions and, additionally, activator to sensitizer back
energy transfer pathways. On the other hand, increasing the content of the activator ions may promote
harmful cross relaxation processes and, as a consequence, concentration quenching effects [136].
Although concentration gquenching also manifests at the nanoscale, the concentration threshold of
dopants for observing suppressed luminescence is advantageously higher in nanophosphors than in
bulk phosphor [152]. For instance, under increasing content of Th**dopant in Y,O5 nanoparticles, it was
observed concentration quenching at doping level above 5% in large sized particles and enhanced
luminescence intensity at dopant amount of 50% in as small as 3 nm nanoparticles [153]. As a further
example, for increasing excitation irradiance from 1.6 x 10 to 2.5 x 10° Wem—2, luminescence
intensity was found to increase a factor of 5.6, 71 and 1105 for Tm*" content of 0.5, 4 and 8%,
respectively [152]. Analogously, in Er**- Yb** co-doped sub-10 nm NaYF, nanoparticles, 20% Er**
enables much higher brightness than 2% Er** under increasing excitation power [142]. A similar trend
was reported in Y,0; nanoparticles doped with Th®* that exhibit concentration quenching at dopant
content above ~5% in large sized particles and increasing luminescence intensity at dopant amount of
50% in ultra-small (3 nm) particles [153]. Such experimental evidence was ascribed to reduced
probability of ion-ion energy transfer because of out of resonance conditions and no participation of
phonon modes in energy transfer [154].

Turning from bulk to nanoscale-sized materials, whenever phonon is involved through multiphonon
recombination and phonon-assisted energy transfer, spatial confinement impacts on energy transfer in
nano-phosphors in that the energy transfer rate decreases due to changes in the phonon density of states
and limits in the number of activator-sensitizer pairs [59,154]. As it will be detailed later, the discrete
character of the phonon density of states in nanocrystals relaxes the selection rules, decreases the
overall electron-phonon coupling strength with increasing size, removes many low frequency phonon
states [154-157].

The above discussion points out a main difference between bulk and nano-phophors: the upconversion
luminescence efficiency of nano-scaled materials is inherently lower than the bulk counterparts due the
presence of surface-bound activators and defects (traps, solvent molecules, oxygen, etc) acting as
luminescence quenchers and perturbing energy transfer pathways [158]. Basically, in nanocrystals
energy transfer can involve ion-ion, ion-defect, ion-ligand and particle-particle pairs. In general, high
upconversion efficiency requires co-doping whereby sensitizer ions alongside activator ions have a
closely matched intermediate-excited state [151].. As the relatively low doping concentrations of the
sensitizer and activator dopant ions impacts on the brightness and upconversion efficiency of nano-
upconverters, a straightforward way to improve their upconversion performance would be to increase
the concentration of the sensitizer and activator species. Such strategy, however, may result in limiting
concentration quenching effects [82,159]. Indeed, in nanomaterials a relevant decrease in luminescence
intensity is related to three main effects: first, dopant concentration is limited by the spatial
confinement; second, a large number of surface quenchers (such as lattice defects and solvent
molecules) is favored by decreasing size, and, third, increasing doping level facilitates both the energy
migration from the (mainly sensitizer) excited levels to the surface quencher states and the inter-
activator cross-relaxation [151,159,160].
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For example, typically, in order to obtain upconversion emission, Yb*" ions act as sensitizer ions to
transfer energy to the activator ions (Er**, Tm®" or Ho®*") [20]. In the case of near-IR upconversion
emission of Tm*>" at 808 nm, the simple energy scheme of Yb®" enables to increase remarkably the
content of Yb** (for instance from 20 to 98%) without promoting concentration quenching because
Yb** has only one excited state matching the excitation energy and being different as compared to
Tm?** [161]. For comparison, the doping concentration of lanthanide dopants is usually almost low, that
is in the range of 0.2-2% for activators (Er**, Tm*, Ho*") and of 20-40% for sensitizers (Yb**).

In the case of the Nd**-Yb®*" co-dopant pair, Nd** ions absorb photons at around 800 nm and Yb** ions
enable the energy transfer from the Nd*" ion to the activator given by Er** or Tm** [162]. This
mechanism suffers from several drawbacks: i) Nd** concentration lower than 1% causes weak
absorption events and, consequently, weak upconversion emission, ii) the presence of the Nd**
sensitizer may cause direct quenching of the upconversion emission through energy back-transfer from
the activators to Nd**,

5.4 Core-shell architectures

The above discussion and examples suggest a few main points to be accounted for in practice to
overcome the limitations introduced by nanoscale resizing of upconverters.

Whereas lanthanide dopants usually occupy the lattice sites of the host cations, for increasing surface
area, dopants may be found preferentially in surface and edge sites [163,164] , that causes a not
statistical distribution of dopants and dispersed inter-dopant distance. Therefore, for increasing surface-
to-volume ratio, it is natural to distinguish between the internal core region and outer surface region of
a nanocrystal. This means that surfaces being responsible of upconversion luminescence quenching by
trap states, structured design of the outer region of the nanocrystal, surfactants or proper chemically
anchored surface organics can assist the activator-sensitizer interaction inside the nano-upconverter
and, as a consequence, assist the upconversion luminescence [87,136].

In particular, the possibility offered by nanotechnology of fabricating specially structured nanocrystals
with spatial separation between dopants (sensitizers and activators) has enabled to optimize the
excitation energy migration and activator-sensitizer interactions by a rational design of doping [82]. In
practice, advancement in fundamental knowledge and practical applications of nano-upconverters has
been prompted by progress in nanoscale synthesis and processing approaches [39,40]. For instance,
since ultrahigh sensitive fluorescent label for biomolecule imaging demands sub 10 nm-size efficiently
emitting upconverters, particular attention has to be paid to synthesis approaches to obtain state of art
structural order, control on size-dispersion and composition for ultrasmall nanoparticles [33,39].
Rational design of the doping to optimize activator-sensitizer interactions, in the presence of closely
matched intermediate-excited states, and inter-dopant spacing are important in modulating energy
transfer processes, luminescence performances and finally upconversion efficiency of nano-
upconverters [165,166].

A commonly used strategy for enhancing the upconversion luminescence of nano-phosphors is the
synthesis of core-shell nanocrystals where inert shell passivation as well as different dopants for the
core and the shell regions enable to induce spatially confined energy transfer processes [82]. Efficient
upconversion emission (seven times larger than the conventional activator-sensitizer doped host
system) under 808 nm excitation relies on the spatial separation of the two sensitizers by a core-shell
design of the nanocrystal letting to increase the doping concentration of the Nd** sensitizer without the
deleterious quenching Nd**-Nd** interaction. In practice, NaGdF, host can be doped by Yb*" and
activator Er** in the core region of the nanocrystal (where the Yb**-sensitized upconversion occurs)
and by Nd**-Yb* in the shell region (where Nd** excitation and Nd** to Yb®*" energy transfer takes
place) [167]. The above example points out the occurrence of “long-range” interaction process named
“energy-migration-mediated upconversion [168] that differs from the ETU process for which the energy
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of the excited states hops step-by-step in a random way from donor to donor until the acceptor ions
trapping for upconversion emission. “Long-range” interaction means that the energy transfer pathway
is not local in that the energy can be captured by an acceptor even for acceptor-donor spacing of several
nanometers in the presence of an assisting ion (typically Gd and Yb). For instance, in a core-shell
architecture of NaGdF, nanocrystals, the excitation energy is absorbed in the core region by Yb**-Tm®*
upconversion processes followed by Tm*— Gd** energy transfer and, subsequently, random hopping
of the energy between Gd ions of the middle layer makes possible capture of the energy from the
acceptor ions (Eu**/Tb*/Sm*/Dy** doping the shell region [168]. In addition to Gd ions, long-range
energy transfer can be supported by Yb®" in core-active shell architectures [168-170].

A distribution of Yb** ions with very high content (98 mol%) properly arranged in terms of order and
structure in an orthorhombic lattice (i.e., Er®"(2%)-doped nanocrystals with orthorhombic lattice
structure doped with Yb®" ions distributed in arrays of clusters) were found to generate a four-photon-
promoted violet up-conversion very intense emission from Er®* ions [51]. Through this particular
design, Yb*'- Yb®" energy transfer is confined and energy transfer to defects is minimized, thus leading
to an unconventional very intense four-photon-promoted violet upconversion emission from Er®*.

As a further example, a LaF; core—shell system with Eu**-doped core and Th**-doped shell separated
by an undoped LaF; shell enables control of the energy transfer between Eu** and Tb*" and the Tb*/
Eu* emission ratio by variation of the thickness of the LaF; shell [171-173]. Multilayered core-shell-
shell structured lanthanide doped NaYF, nanoparticles with spatially separated Er®" activators and Yb®*
sensitizers were demonstrated to yield enhanced multi-photon emission from Er®* in the presence of an
interlayer between activator-doped core and sensitizer-doped shell assisting the excitation energy
transfer [174]. This architecture accomplishes suppression of the concentration quenching limitation
acting on the cross-relaxation between the activator and the sensitizer and exhibits high quantum yield
(up to 6.34 %).

Definitively, for a critical distance (Forster critical distance) in the range of 2—6 nm [175], or doping
content below 102 M for [160], brighter luminescent nanocrystals can be obtained under optimized
composition, architecture and excitation-emission schemes [90,143,150,176-178].

Various approaches developed to control the negative impact of concentration quenching in
homogeneously doped nanocrystals and core-shell nanostructures (designed to enable surface
modification with protecting shells and local separation of dopants) in the presence of rare earth
activator-sensitizers are overviewed in Ref [82].

To summarize the core—shell design principle, three main categories can be individuated: (Figure 10):
1) passive-shell design, where dopants are incorporated in the core region of the nanocrystal [179], ii)
active-shell design, where different dopants are incorporated in the core and shell regions [180], and iii)
energy migration core—shell design with a core-shell-shell architecture where an optically active sub-
lattice mediates the energy transfer processes through the core—shell interface [168].

Core/inert shell or core/active shell design with optimized lanthanide concentration and suitable crystal
phase/symmetry of the host lattice or presence of enhanced plasmonic fields are useful strategies to
enhance upconversion luminescence efficiency by several orders of magnitudes via control on the
intermediate energy transfer mechanisms [32]. Typically nano-upconverters including Yb**ions, that
absorb IR radiation and nonradiatively transfer the acquired excitation to another lanthanide ion (such
as, Er¥*, Ho®*, or Tm*") that emits visible or ultraviolet by upconversion, may have limits in producing
bright upconversion due to both narrow IR absorption spectral window (10 260—10 660 cm™) and small
absorption cross-section of Yb** dopants [181]. An alternative emerged in recent years is using organic
dyes, to enhance the brightness of core-shell nano-upconverters by up to 3000 times for sub-20 nm
particles in the absence of inert shell passivation [182].
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Figure 10: Schematics of the most common core-shell architectures: (a) passive-shell design,
(b) active-shell coating design with different dopants in the core and shell regions, and (c)
energy transfer core—shell design with core-shell-shell architecture).

Additionally, plasmon-mediated upconversion enhancement (i.e., the amplification in local
electromagnetic field by coupling noble metals) is another emerging field of research in applicative
frameworks demanding low-power irradiance, such as upconversion-mediated photovoltaics and
bioimaging [42,43,183,184]. The theoretical origin of an upconversion enhancement in the presence of
surface plasmon resonance was overviewed not recently [185-187]. The luminescence enhancement is
mostly ascribed to the intensification of the electric field intensity close to the noble metal
nanoparticle’s surface that can reinforce the absorption of the nano-upconverters and the emission of
the activators as well as affect the nonradiative transition rates. In practice, a critical parameter for the
plasmonic enhancement effect is the positional relation between emitters and metallic surfaces or
particles [188,189] that needs specifically and optimally designed structure and shape of the plasmonic
material [43,190,191].

Reported approaches to enhance the upconversion emission of nanoparticles using a plasmonic field
consist of setting the plasmonic resonance with upconversion emissions [188] [192]and setting the
plasmonic resonance with the excitation wavelength of the upconversion emission. Assembly of
nanophosphors with different chemistry and coupling between plasmon nanoparticles and lanthanide-
activated nanophosphors [193] provides interesting input for the optimum design of future hybrid
nanoupconverters and metal nanostructures.

Another very active research field of nano-upconverters is lighting with fine tuning of the color output
and multicolor emission by single wavelength excitation allowed by the f energy levels of lanthanides
hardly affected by the chemical environment and balanced overlap of the emission from several
lanthanide dopants [45]. In the field of white light emission for indoor and outdoor lighting, common
strategies to design white light emitting diodes (LEDSs) relies on either combining blue LED and yellow
phosphors or mixing red, green and blue emissions from phosphors excited with an UV or IR source
(RGB phosphors). In this case a single host crystal is preferred and multicolor emission is provided by
a single rare earth-dopant able of multiple output colors (Sm**, Eu** or Dy**), by lanthanide co-dopants
(for instance, Ce*/Mn?", Ce**/Tb*, Ce*/Ho®*, Tb**/Sm** pairs etc.) exchanging energy via energy
transfer or multiple dopants emitting different colors (Ce**/Li*/Mn?*, Eu®**/Tb** /Tm*", Eu* ITb**/EUu®)
[194].
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5.5 Excited state dynamics
Further important implications of the spatial confinement of lanthanide dopants are i) the impact on the
spectroscopic dynamic quantities, such as probability of either radiative or non-radiative transitions,
lifetime of the rare earth’s intermediate states, thermal line broadening and thermal line shifting [195-
197], and ii) changes in the density of states (DOS) of phonons [154].
As already outlined, depending on the energy mismatch, excited states can relax their energy via
photon emission or phonon emission.
In nanocrystals the radiative decay rate may change due to two main effects. First, the impact of size-
and surrounding-related modification of the refractive index [195,196]. In this case, the Judd-Ofelt
formula should be properly modified. To detail, based on the Judd-Ofelt theory, the rate of radiative
relaxation from an initial state I; to a final state I can be expressed as follows:
64 WAES L,
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where AE (cm™) is the energy gap between the states involved in the transition, F? is the matrix element
of the electric dipole moments, M? is the matrix element of the magnetic dipole moment, ny, is the
refractive index of the host crystal, and y= nn (Nv>+2)?/9 is a corrective factor for the local field (the so-
called Lorentz correction) [198,199]. For nanocrystals with average size much shorter than the exciting
wavelength, an effective refractive index has to be considered, that is neg(X)=x*nnp+(1-X)*ng, Where x
is a filling factor accounting for the effective volume occupied by the nanoparticles, nyp is the
refractive index of the material of the nanocrystal and nqy is the refractive index of the dielectric
surrounding/embedding the nanocrystals. The radiative lifetime may be calculated by the Judd-Ofelt
theory under the approximation that the average size of the nanoparticles is much shorter than the
exciting wavelength (sub-wavelength regime).
Second, field oscillations due to coherent interference between exciting field and lattice electrostatic
field along the radius of the emitting nanocrystals were found to inhibit spontaneous emission from
nanocrystals with size ranging from 100 nm to 2 um and embedded in different dielectric media
[196,197].
Turning to the non-radiative decay rate, in homogeneous crystals it decays exponentially according to
the “gap rule” exp (-Anost P), Where Angst IS @ parameter associated with the host material and
p=AE/AE is the number of phonons required to bridge the energy gap AE between the initial and final
states involved in the transition. According to a picture in which a nanoparticle is separated into a
spherical internal core and a near-surface shell region, the contribution of the near surface region to the
decay rate increases for decreasing nanocrystal size. The maximum vibrational energy AEy, is a key
quantity involved in non radiative channels stemming from the nanocrystal core region (where phonon
modes are the intrinsic ones), surface ligands (vibrational spectrum of the nanocrystal surface),
surrounding-mediated quenching and defect species and density [139] . A high density of defects yields
reduced lifetime according to the Stern-Volmer relationship [200], that is proportionally to the
guenching rate constant and the density of quenching defects.
From the practical standpoint, increased surface-to-volume ratio implies lowered strength of the crystal
field around the surface dopant-site, luminescence quenching through surface defects and phonon-
assisted relaxations, excitation transfer from inner to surface atoms, differences between surface and
core luminescent centers, increasing fraction of surface dopants and decreasing number of active
centers [97]. In addition to such effects that can be argued experimentally, fundamental insight in the
differences between bulk and nanoscale radiationless processes can be gained by considering the
changes in the phonon density of states resulting from the spatial confinement.
Spectroscopy of bulk phosphors states that while inhomogeneous broadening of a spectral line can
result from defects and non-uniform shift of the electronic energy levels, homogeneous broadening is
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related to temperature-dependent phonon coupling (weak ion-phonon coupling). If the phonon density
of states (DOS) is a Debye distribution, the temperature-dependent line-width (AE) and line-shift (3E)
can be expressed by the McCumber-Sturge formulas [201]

7 Tp T y6ox
-I\—
AE T (cm™)=AE +a T_D . mdx
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where AEq refers to a residual line-width at very low temperatures, a and o are coefficients related to
the electron-phonon coupling, and Tp=hvp/k (vp is the Debye cut-off frequency of the lattice and Kk is
the Boltzmann constant) is the effective Debye temperature of the phonon distribution.

Going from bulk to nanosized crystals, the McCumber-Sturge formulas are no longer valid because
phonon DOS turns from a continuous (Debye approximation) to a discrete distribution with size-
dependent cutoff frequency [154,156,202,203]. Moreover, vibronic effects may become strong and
dominant [60,204,205]. Consequences of the spatial confinement on the electron-phonon coupling are:
i) modified temperature-dependence (T*instead of T) of the linewidth for the characteristic transitions
of Eu** in Y20® nanoparticles [206], ii) lifetime increased from 220 ns to 27 us of a multiplet of Eu®* in
Y,03 turning from the bulk to the nano-sized material [207] , and iii) size-dependent removal of direct
phonon relaxation in Er**-doped Y,0.,S nanocrystals (anomalous thermalization) [156].

Turning back to the size-related characteristics of the phonon DOS, since high frequency phonon DOS
is unaffected by the spatial confinement, any radiationless decay involving high-frequency phonons is
not size-sensitive. Differently, depending on the energy mismatch between the states involved in a
phonon-assisted decay, a restricted number of phonon modes due to size scaling down causes
constraints in the presence of a small energy gap and no significant effects if the energy gap is close to
or higher than the Debye energy of the lattice. Importantly, changes in the low-frequency acoustic
phonon DOS induced by the spatial confinement impact even on the highly localized and shielded 4f
states of lanthanide ions because of the cutoff in low frequency phonon modes [208,209]. Very
interestingly, efficiently luminescent nano-upconverters were demonstrated in some oxide compounds
with suitable phonon thresholds: in Er®*-Yb®* co-activated cubic Y,Os, tetragonal GdVO, and
tetragonal NaGd(WO,), (which have different phonon thresholds, 600 cm™, 880 cm™ and 1000 cm™)
micro-sized powders, the visible upconversion luminescence of Er®* relative to near-infrared emissions
increases remarkably (120-fold) with the increase of phonon thresholds [210].

A further phenomenon affected by the size-dependent phonon DOS is anomalous thermalization due to
the possible differences between nonradiative relaxation of ions from excited electronic states in
nanocrystals and bulk counterpart material [36]].

Therefore, as a consequence of the removal of low frequency phonons, i) losses are reduced by
suppression of the complete direct phonon relaxation between levels with energy gap lower than the
cutoff phonon frequency, ii) non-radiative relaxation between states with energy mismatch smaller
(larger) than the Debye energy of the lattice are size-dependent (size-independent), iii) thermal
relaxation is size-dependent because radiationless depopulation of an excited lanthanide state may be
inhibited by the absence of low-energy phonon states [156,211] and iv) a fastly decaying level in bulk
materials could live long enough to decay radiatively rather than by one-phonon emission.

Emission decay patterns also present a dependence on size and size-distribution. Litetimes of the 4f—4f
transitions of lanthanides range from microseconds to milliseconds and an be tuned by the
concentration in a local environment. The lifetime or radiative decay time 7, that is the inverse of the
probability of the transition of interest (given as the sum of several probabilities related to radiative and
non-radiative independent processes), of an optical center in bulk phosphors enters in the decay curves
through the following mono-exponential decay formula:
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where | and Iy are the luminescence intensities at times t and initial (set to zero), respectively. In
lanthanide-activated nanocrystals, the decay patterns of the luminescent ions can exhibit multi-
exponential decay dependence due to the presence and interplay of several contributions, such as
intrinsic phonon modes, vibration energy of surface ligands, solvent-mediated quenching, different
probability of the radiationless decay of surface ions and core ions, adsorbed surface water, surface
defects, inhomogeneous distribution of dopants throughout the nanoparticle volume [139,212,213]. For
decreasing particle size, the decay time can be enhanced or decreased depending on the doping content
[214-216]. Single-exponential decay profiles with a lifetime comparable to that of the un-doped host
can be found for large ion-ion spatial distance (diluted doping conditions). On the other hand, a non-
exponential decay behavior of the photoluminescence intensity was reported for raised doping level of
the luminescent ions [217]. Also, an enhancement of the excitation intensity can imply a non-
exponential decay time and shortening of the effective average decay times [218]. Noteworthy, the
issue of the control and fine tuning of the lifetimes of the f-f transitions of lanthanides has been
demonstrated by a is a pioneering discovery focusing on the transient state rather than the steady state
of such electronic transitions [125]. More than ten nanocrystal populations with distinct lifetimes
ranging from 25.6 us to 662.4 us were reported and identified by a single color band.

Further size-dependent spectroscopic quantities are broadening and shifting of the spectral lines in the
limit of low temperatures and very small particles (much smaller than 50 nm) [154]

6. Conclusions

In conclusion, physics of phosphors has been overviewed starting from the basic knowledge, i.e., the
main radiative and non-radiative mechanisms, down-conversion and upconversion processes, rare earth
dopants and their role as luminescence centers in simply and co-doped host crystals, the building-block
dopant-dopant interaction pathways and quenching phenomena. Then, the discussion has remarked
important differences between nanophosphors and bulk phosphors in regard to i) the relevance of the
surface-to-volume ratio, surface chemistry and composition as well as strength of coordination, ii)
effects of the spatial confinement on rare earth emission, iii) role of the content of the emitting centers
and proper choice of the co-dopants on the output color tuning, pathways leading to upconversion
luminescence and upconversion yield, iv) changes of the density of state of phonons resulting from
nanoscale resizing (introduction of a discrete distribution of the phonon energy states with a low energy
phonon cutoff), and v) dynamical quantities, such as probability of radiative and non-radiative
transitions, lifetime of the excited states, thermal line broadening and thermal line shifting) are affected
by the nanoscale-regime). Moreover, relevant differences between nanophosphors and semiconductor
quantum dots have been detailed that also clarify the advantages of using nano-upconverters in many
applications. Indeed, whereas the field of nanophosphors is a knowledge in progress, meaning that our
present comprehension of their physics and properties is still incomplete, more and more attention is
being drawn to the unique properties of lanthanide doped nano-upconverters owing to promising
applications in place. For instance, nano-upconverters find relevant applications in biological and
biomedical fields, fluorescence microscopy, super-resolution imaging and single-molecule sensing that
require bright emission from nanometer-sized crystals. The transformation of the upconversion
mechanisms exhibited by nanophophors into real-world applications has been made possible by the
relevant progresses in nanofabrication and wet-synthesis methods combined with proper choice of
materials (host and lanthanide dopants) and architectures (such as, core-shell design) to improve the
upconversion efficiency. The remarkable applicative interest is also having benefits in terms of
fundamental investigation of the impact of the spatial confinement on the physics of phosphors.
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Definitively, lanthanide-activated nano-upconverters have a great potential in pushing both theoretical
knowledge and applicative performances in recent challenging application fields to a new level.

List of abbreviations

Activator , A

Cross-relaxation, CR

Energy migration upconversion, EMU
Energy transfer, ET

Energy transfer upconversion, ETU
Excited state absorption, ESA

Full width at half maximum, FWHM
Ground state absorption, GSA
Infrared, IR

Photon avalanche, PA

Sensitizer, S

Two photon absorption, TPA
Two-photon excited state absorption, 2-ESA
Ultraviolet, UV

Yttrium aluminum garnet, YAG
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