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The purpose of the dissertation

1. The purpose of the dissertation

The main objective of the present dissertation was to synthesize and comprehensively
evaluate spectroscopic properties of colloidal fluoride nanoparticles doped with
lanthanide ions (Ln3*) exhibiting the photon avalanche (PA) phenomenon. To achieve
this goal, numerous technical, synthetic, spectroscopic and modelling tasks have been

undertaken.

The first technical goal was to design and build a setup to synthesize and optimize the
procedure of thermal decomposition of lanthanide salts synthesis of colloidal NaYF4 and
LiYFs nanocrystals in a core and core-shell architectures. The second task was
to synthesize a series of nanocrystals doped individually with lanthanide ions, mainly
Tm3*, Pr3*, Ho®>" in a variable concentrations. Some particles, especially noteworthy

samples with Pr3* ions were co-doped with Yb3* ions.

The next specific task was to evaluate, based on X-ray Powder Diffraction (XRD)
measurements, if synthesized materials are crystallographically pure. Secondly, the
detailed goal was to prepare size distributions of synthesized crystals using Transmission
Electron Microscopy (TEM) pictures of the materials. The next task was to perform basic
spectroscopic characteristic of synthesized materials by measurements of absorption,
excitation and luminescence spectra as well as luminescence kinetics for selected doped
and co-doped nanocrystals. The specific goal were PA investigations of particular
synthesized materials. Because of complex nature of photon avalanche phenomenon
and numerous sophisticated and not commonly available measurement techniques, the
studies presented in this dissertation would be not possible without strong cooperation
between chemist and physics in the research group. The objectives were to determine,
what optical ions concentration is optimal for PA, how PA properties change with the
avalanching material sizes as well as learning about the impact of passivation of the
crystallites with an undoped shell on PA features. The next detailed objective was
to compare the experimental results with theoretical, obtained by differential rate
equations (DRE) simulations of PA and their interpretation. Moreover, theoretical
modeling of PA behavior helps to understand mechanism of the phenomenon and
predict of influence of different energy transitions on the PA features. Because PA
requires negligible absorption from ground energy state comparing with effective
excited state absorption and the measurements of absorption spectra from the excited
energy level of the ion are complicated, to gain additional knowledge, theoretical ESA
spectra were calculated. All these theoretical calculations and simulations were aiming

at understanding PA mechanism and further facilitating the design of PA materials.
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Abstract

2. Abstract

Among different kinds of energy excitation upconversion (UC) processes, where
the emitted photons have higher energy than the one absorbed, photon avalanche — PA
is unique due to a highly nonlinear photoluminescence intensity increase in a response
to a minute rise of photoexcitation source pump power density. As a result,
the dependence of luminescence intensity in a function of pump power density exhibit
a characteristic “S”-shape. A characteristic feature of PA process is a distinct PA pump
power threshold (PAru), above which the luminescence intensity increases in highly
nonlinear way following power law with power factor, slope (S) of the s-shaped curve,
larger than 5. The PA itself, was first observed in the 1979 year in Pr3* doped LaCls, which
were investigated aiming to design of medium IR (MIR) photons quantum counter.
From those times, the phenomenon became an interesting topic for many researchers,
who have reported it in materials doped with different lanthanide ions. Initially, PA was
investigated in bulk crystals, glasses and waveguides, mostly in cryogenic temperatures.
However, it became clear that the observation of avalanche emission at the micro
or nanoscale would enable a range of new applications of avalanche materials, such as
use in bioimaging or in the design of active elements in biosensors. Until recently,
obtaining the PA at nanoscale was a challenge, however PA emission was finally
demonstrated in Tm3* doped NaYF4 nanocrystals at room temperature (RT) for the first
time. The optimal concentration was found as 8% of Tm?3*. Typically, cross-relaxation
(CR) processes, which are more efficient at high dopant concentrations, lead
to luminescence concentration quenching and are competitive to emission or energy UC
processes. However, in the case of avalanche emission, CR processes are highly
desirable, because they increase an effectiveness of a positive feedback (energy loop)
leading to the multiplication of the population of the level responsible for effective
absorption from the excited state. Beside Tm3* doped, PA was observed also in Pr3*, Yb3*
co-doped nanocrystals. Nevertheless, the impact of materials size on PA properties have
not been studied before and the present dissertation reports it. Two sets of LiYF4 crystals
were prepared and studied — the behavior of crystals doped with 3% and 8% Tm3* was
compared, with size as a variable parameter. In the first case, nano and microcrystals

were compared with the corresponding 3% Tm3* doped single crystal. In the second
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case, hano and microcrystals with higher, 8% Tm3* doping, were compared. In addition,
the nanocrystals came in two versions — a doped core and identical nanocrystals whose
surface as passivated with an undoped LiYFs. The materials were excited by a single
mode solid-state laser generating 1064 nm wavelength beam and the PA emission
at 800 nm and 475 nm was observed. The characteristic properties of avalanche
emission — nonlinearity and threshold were investigated. It has been observed that the
PA threshold values decrease as the size of the test material increases, simultaneously,
anincrease in the slope of the “S” curve with decrease of the material size was observed.
The presented results related to PA in Tm3* doped crystals were enriched with modeling
of the avalanche emission behavior aiming to understand a mechanism of PA observed
in Tm3" ions. A practical demonstration of avalanche nanoparticles (ANP)
for sub-diffraction imaging was prepared in collaboration. Sub-diffraction imaging
of core-shell nanocrystals doped with 3% of Tm3* ions confirmed the possibility

to achieve down to 125 nm spatial resolution.

The present dissertation include also the description of PA phenomenon observed
in a Pr3*(0.1%, 0.3%, 0.5% or 0.7%) and Yb3* (15%) co-doped core and core-undoped
shell NaYFs nanocrystals. The materials were excited with a single mode diode
generating 852 nm wavelength beam and consequently the PA emissions at 482 nm and
607 nm were observed. While multicolor avalanche emission in materials co-doped with
Yb3* and Pr* ions has been previously demonstrated, the results presented in this
dissertation contain important, new elements as well as enrich and clarify knowledge.
Firstly, an influence of crystals architecture, namely core and core-shell on a PA
properties was investigated. Moreover, the influence of broad Pr3* ions concentration
(0.1%, 0.3%, 0.5%, 0.7%) on the PA characteristics was reported. Furthermore, some
articles wrongly assign the emission of Pr3* jons around 610 nm as coming from the
D, level. In a present work, the correct origin of the 607 emission in fluorides was
experimentally verified and attributed to the 3Po—3Hg energy transition. Moreover,
a relatively simple theoretical model of PA in a Pr3*, Yb3* co-doped system was prepared
aiming to understand, how particular energy transitions influence the PA emission
properties. The phenomenological model evidenced, that under excitation conditions

studied here, PA is present only in a Pr3* and Yb3* co-doped materials, in contrast
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to singly Pr3* doped materials. This feature was also confirmed experimentally. Namely,
core and core-shell NaYFs nanocrystals singly doped with Pr3*ions in a wide range
concentration: 0.1%, 0.5%, 1%, 3%, 5%, and 8% were excited with 852 nm, however

no emission was observed.

The present dissertation includes also investigations aiming to verify the possibility
of obtaining PA in nanocrystals doped with other lanthanide ions. Characteristic features
of PA phenomenon were observed in Tm3** (3%, 8%) doped as well as 20% Yb3*
and Tm3* (4% or 8%) co-doped cores-shell NaYFs nanocrystals under 1059 nm
photoexcitation. Moreover, NaYFs nanocrystals doped with Ho3* ions (0.5%, 2%)
as well as co-doped with 20% Yb3* and 0.5%, 1%, 2%, 4% or 8% of Ho3" ions were
investigated under 1059 nm and 980 nm photoexcitation, however these excitation
condition were not suitable to generate PA emission. Furthermore, core and core-shell
nanocrystals co-doped with 20% Yb3* and Er3* ions (2% and 20%) were synthesized and
will be future investigated under appropriate photoexcitation scheme. In the
aforementioned cases, where avalanche emission could not been observed, the most
serious challenge is to choose the light excitation wavelength to meet the initial
requirements (i.e. effective ESA and unlikely GSA). Learning about the behavior of PA
at the micro- and nanoscale is essential to think about future applications of this
phenomenon in many disciplines of (bio)technology and biomedical engineering.
The presented results contributes to understanding of crystal size dependent PA
characteristic properties, and although foreseeable to some extent, this has not been
studied so far. The resulting knowledge enable a better understanding the PA
mechanism, prediction of the PA features of synthesized materials, and thus the
possibility of intentional design of the luminescent properties of these highly nonlinear

(nano)phosphors.
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Abstract in Polish

3. Streszczenie w jezyku polskim

Wsrdd réznych rodzajow proceséw konwersji energii wzbudzenia w gére (UC), w ktérych
emitowany foton ma energie wyzszg niz zaabsorbowany, lawinowa emisja fotonéw — PA
jest wyjatkowa ze wzgledu na wysoce nieliniowy wzrost intensywnosci
fotoluminescencji w odpowiedzi na niewielki wzrost gestosci mocy fotowzbudzenia.
W rezultacie, zalezno$¢ intensywnosci luminescencji w funkcji gestosci mocy wykazuje
charakterystyczny ksztatt litery S. Cechg charakterystyczng procesu PA jest wyrazny prég
gestosci mocy PA (PArh), powyzej ktorego intensywnos$¢ luminescencji wzrasta w wysoce
nieliniowy sposdb zgodnie z prawem potegowym o wyktadniku potegi wiekszym niz 5.
PA po raz pierwszy zaobserwowano w 1979 roku w LaClz domieszkowanym jonami Pr3*
podczas badania tego materiatu z myslg o zastosowaniu go w konstrukcji licznika
kwantowego fotonow sredniej podczerwieni. Od tego czasu zjawisko to stato sie
interesujgcym tematem dla wielu badaczy, ktérzy opisywali je w materiatach
domieszkowanych réznymi jonami lantanowcéw. Oryginalnie badane materiaty miaty
postaé monokrysztatéw, szkiet i swiattowoddéw, a PA obserwowano w wiekszosci
przypadkéw jedynie w temperaturach kriogenicznych. Jednakze stato sie jasne,
ze obserwacja lawinowej emisji w mikro- lub nanoskali umozliwitaby szereg nowych
zastosowan materiatéw lawinowych, na przyktad wykorzystanie w bioobrazowaniu
lub w konstrukcji elementéw aktywnych w bioczujnikach. Do niedawna uzyskanie
PA w nanoskali bylo wyzwaniem, jednak emisja PA zostata po raz pierwszy
zademonstrowana w  nanokrysztatach  NaYFs  domieszkowanych  jonami
Tm3* w temperaturze pokojowej (RT). Stwierdzono, ze optymalne stezenie jondw
Tm3* wynosi 8%. Zazwyczaj procesy relaksacji krzyzowej (CR), bardziej wydajne przy
wysokich stezeniach domieszek, prowadzg do wygaszania koncentracyjnego
luminescencji i postrzegane sg jako konkurencyjne w stosunku do proceséw emisji lub
konwersji energii w gére. Jednak w przypadku emisji lawinowe] procesy CR sg wysoce
pozgdane, poniewaz zwiekszajg efektywnos¢ pozytywnego sprzezenia zwrotnego
(ang. Energy loop) prowadzgcego do zwielokrotniania populacji poziomu
odpowiedzialnego za efektywng absorpcje ze stanu wzbudzanego. Oprdcz materiatéw
domieszkowanych jonami Tm3*, PA zaobserwowano takze w nanokrysztatach
wspotdomieszkowanych Pr3* i Yb3*. Niemniej jednak, wptyw wielkoéci materiatu
na wtasciwosci PA nie byt wczesniej badany, a niniejsza rozprawa doktorska przedstawia
takie badania. Przygotowano i zbadano dwa zestawy krysztatéw LiYFs - porédwnano

zachowanie krysztatéw domieszkowanych 3% oraz 8% jondw Tm?3*, przy czym zmiennym

21



Synthesis, modeling and spectroscopic evaluation of selected Tm3*, Pr®*, Ho* doped
and Yb* co-doped colloidal photon avalanching nanoparticles

parametrem byt ich rozmiar. W pierwszym przypadku poréwnano nano oraz
mikrokrysztaty z odpowiednim monokrysztatem domieszkowanym 3% jonéw Tm?3*,
W drugim przypadku poréwnano nano i mikrokrysztaty domieszkowane 8% jonéw Tm3*.
Dodatkowo nanokrysztaty wystepowaty w dwdch wersjach —domieszkowanego rdzenia,
oraz tozsame nanokrysztaty ktérych powierzchnie pasywowano niedomieszkownym
ptaszczem  LiYFs. Materiaty byly wzbudzone przez jednomodowy laser
potprzewodnikowy generujgcy wigzke o dtugosci fali 1064 nm i zaobserwowano emisje
PA przy dtugosci fali 800 nm oraz 475 nm. Zbadano charakterystyczne wtasciwosci emisji
lawinowej — nieliniowo$¢ zachowania oraz prég. Zaobserwowano, ze wartosci progowe
PA zmniejszajg sie wraz ze wzrostem wielkosci badanego materiatu, rownoczesnie
zauwazono wzrost nachylenia krzywej ,S” wraz ze zmniejszeniem wielkosci materiatu.
Przedstawione wyniki zwigzane z PA w krysztatach domieszkowanych Tm3* zostaty
wzbogacone o modelowanie zachowania emisji lawinowej w celu zrozumienia
mechanizmu PA obserwowanego w jonach Tm3*. W ramach wspotpracy przygotowano
praktyczng demonstracje zastosowania nanoczgstek lawinowych (ANP) do obrazowania
dyfrakcyjnego. Przeprowadzono nadrozdzielcze obrazowanie nanokrysztatow typu
rdzen-otoczka domieszkowanych 3% jonéw Tm3*, osiggajgc rozdzielczo$¢ przestrzenng

do 125 nm.

Niniejsza rozprawa zawiera réwniez opis zjawiska PA obserwowanego
w nanokrysztatach NaYFs typu rdzed i rdzen-otoczka, w ktdrych rdzed byt
wspotdomieszkowanych jonami Pr3* (0.1%, 0.3%, 0.5% lub 0.7%) i Yb3* (15%).
Materiaty zostaty wzbudzone za pomoca diody jednomodowej generujacej wigzke
o dtugosci fali 852 nm, w wyniku czego zaobserwowano emisje PA o dtugosci fali 482 nm
i 607 nm. O ile emisja lawinowa w materiatach wspdtdomieszkowanych
jonami Yb®" i Pr3* zostata wczesniej zademonstrowana, wyniki prezentowane
W niniejszej rozprawie zawierajg istotne, nowe elementy oraz wzbogacajg i precyzuja
wiedze. Po pierwsze, zbadano wptyw architektury krysztatdw, a mianowicie rdzen
i rdzen-otoczka na wtasciwoséci PA. Ponadto opisano wptyw stezenia jondw Pr3*
w szerokim zakresie (0,1%, 0,3%, 0,5%, 0,7%) na wtasciwosci PA. Co wiecej, niektore
artykuty btednie przypisujg emisje jondw Pr3* w okolicy 610 nm jako pochodzgcy
z poziomu 'D2. W niniejszej pracy eksperymentalnie zweryfikowano prawidtowe
pochodzenie emisji 607 nm we fluorkach i przypisano jg przejsciu energetycznemu
3py—3He. Ponadto, przygotowano stosunkowo prosty teoretyczny model procesu PA

w uktadzie domieszkowanym jonami Pr3* i Yb3* w celu zrozumienia, w jaki sposdb
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poszczegblne przejScia energetyczne wptywajg na wtasciwosci emisyjne PA. Model
fenomenologiczny wykazat, ze w zastosowanych warunkach wzbudzenia, PA wystepuje
tylko w materiatach wspétdomieszkowanych Pr3* i Yb3, w przeciwienstwie
do materiatdw domieszkowanych pojedynczo jonami Pr3*. Zostato to réwniez
potwierdzone eksperymentalnie. Mianowicie, nanokrysztaty NaYFs w architekturze
rdzer i rdzer-otoczka pojedynczo domieszkowane jonami Pr3* w szerokim zakresie
stezen: 0.1%, 0.5%, 1%, 3%, 5%, and 8% byty wzbudzane wigzka o dtugosci fali 852 nm,

jednak nie zaobserwowano zadnej emisji.

Niniejsza rozprawa zawiera réwniez badania majgce na celu zweryfikowanie
mozliwosci uzyskania PA w nanokrysztatach domieszkowanych innymi jonami
lantanowcow. Cechy charakterystyczne zjawiska PA zaobserwowano w nanokrysztatach
NaYFs domieszkowanych jonami Tm3* (3%, 8%), jak rowniez w nanokrysztatach
wspétdomieszkowanych 20% jondw Yb3* i Tm3* (4% lub 8%) po wzbudzeniu wigzka
o dtugosci fali 1059 nm. Ponadto przy wzbudzeniu 1059 nm i 980 nm badano
nanokrysztaty NaYFs domieszkowane jonami Ho3* (0.5%, 2%), jak rowniez
wspotdomieszkowane 20% Yb3* i 0.5%, 1%, 2%, 4% lub 8% jonéw Ho3,
jednakze wzbudzenie tymi dtugosciami fali nie pozwolity na generowanie lawinowej
emisji fotonéw. Co wiecej, zsyntezowano nanokrysztaty w architekturze rdzen
i rdzer-otoczka domieszkowane 20% jondw Yb3* i Er3* (2% lub 20%), ktére beda
w przysztosci badane pod katem istnienia PA w odpowiednich warunkach
fotowzbudzenia. W wymienionych przypadkach, w ktérych nie udato sie zaobserwowadé
lawinowej emisji, najpowazniejszym wyzwaniem jest dobranie odpowiedniej dtugosci
fali wzbudzenia w celu spetnienia wstepnego wymagania (tzn. efektywna ESA i mato
prawdopodobna GSA). Poznanie zachowania PA w mikro- i nanoskali jest niezbedne,
aby mysle¢ o przysztych zastosowaniach tego zjawiska w wielu dyscyplinach
(bio)technologii i inzynierii biomedycznej. Prezentowane wyniki przyczyniajg sie
do zrozumienia charakterystycznych witasciwosci PA zaleznych od wielkosci krystalitéw
i cho¢ w pewnym stopniu mozliwe do przewidzenia, nie byty wczedniej badane.
Uzyskana w ten sposéb wiedza umozliwia lepsze zrozumienie mechanizmu PA,
przewidywanie cech PA syntetyzowanych materiatéw, a tym samym mozliwos¢
intencjonalnego projektowania wtasciwosci luminescencyjnych tych  wysoce

nieliniowych (nano)luminofordow.
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conclusions followed by references. At the end of the dissertation are placed indexes

of figures and tables.

33



Synthesis, modeling and spectroscopic evaluation of selected Tm3*, Pr®*, Ho* doped
and Yb* co-doped colloidal photon avalanching nanoparticles

34



Introduction

. Introduction

Photon avalanche phenomenon, heart of the present dissertation, is one of the
mechanisms, the energy upconversion process is achieved leading to emission of higher
energy photons than phonons of excitation light. Comparing to the other upconversion
processes PA is unique due to highly non-linear photoluminescence increase
in a response to minute rise of excitation source pump power density. The dependence
of photoluminescence intensity in a function of pump power density possess
characteristic “S-shape” and PA is characterized by S of the curve as well as the PAH
indicating the pump power above which PA exists. PA first was observed in the LaCls and
LaBrs quantum counters doped with Pr3* ions in 1979. The materials were excited with
green light matching the absorption from 3H5 excited energy level of Pr3* ions and
simultaneously staying off resonant with absorption from ground state of these ions.
This is one of the key conditions necessary to observe PA. Moreover, the intermediate
3H5 energy level has to be populated during CR processes to ensure efficient
absorption. The mechanism of looping the population of the intermediate energy level
is a reason of highly non-linear PA emission. Initially, PA was observed in bulk materials,
waveguides and fibers doped with different lanthanide ions, mostly at low
temperatures. Reducing the size of the photon avalanching materials, what until
recently was a challenge, would enable a number of new applications, for instance
to design biosensors or use as labels in a super-resolution imaging. Nevertheless, the PA
was not successfully observed until 2021, when all characteristic features of PA
phenomenon were demonstrated in NaYF4 nanocrystals doped with Tm3* ions. Further
investigation lead to observation of the PA phenomenon in Pr3*, Yb3* co-doped NaYF,4
nanocrystals. Because of scientific curiosity as well as having in mind potential
applications of these highly non-linear materials, further studies are needed
to understand the properties of the PA phenomenon in response to numerous physical
and chemical factors. The present dissertation for the first time presents the impact of
material size on the properties of the PA process. In addition, in order to intentionally
design PA materials with a range of desirable characteristics, it is important to know the
PA mechanism responsible for this phenomenon. Therefore, computer simulations were
carried out to show how individual energy transfer processes within the avalanche ion
(Tm3*) or between the avalanche ion and the sensitizer ion (Pr3*, Yb3') affect the

characteristics of the PA process.
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7. Luminescence

The term “luminescence” first was used in 1888 by a German physicist Eilhard
Wiedemann to differ the phenomenon, initially called as “cold light” from the emission
light owing to incandescence such as firelight, candles, gas light or oil lamps, known
as “hot light” [1]. While incandescence (hot light) is usually an effect of direct heating
of matter to high temperatures, luminescence occurs at lower temperatures and owes
the emission of radiation to excitation with energy source as ultraviolet (UV) light,
X-rays, electric field or energetic particles from radioactive decay, etc. [1].
Depending on the excitation source, there are several kinds of luminescence, namely
electroluminescence (excitation owing to an electric field), radioluminescence
(excitation with ionizing radiation), cathodoluminescence (excitation by cathode rays),
chemiluminescence (emission caused by a chemical reaction), triboluminescence
(emission caused by the fracture of crystals or mechanical stress to crystal),
while the heart of present dissertation is the photoluminescence, where the emission
owes to an excitation by irradiation with electromagnetic radiation. Materials showing
luminescence are called phosphors, or luminescent materials. Emitted waves can
be higher or lower energetic than exciting radiation. If energy of emitted light is smaller
(longer wave) than exciting energy, the process is called as down conversion (DC)
of energy (Figure 1a). In the opposite situation, when emitted wavelength is shorter,
i.e. has higher energy than absorbed one, the phenomenon is term as UC of energy
(Figure 1c). These processes are called Stokes and anti-Stokes shifts, respectively.
The Stokes shift, illustrated in the Figure 1b, represents the difference between maxima
of emission and absorption spectra bands, where, excitation wave is shorter than
emitted one. Anti-Stokes shift, which is crucial from the view of present dissertation,
is presented in the Figure 1d and corresponds situation, where emitted wave is shorter

than the excitation one.
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Figure 1. lllustrations of (a, b) Stokes and (c, d) anti-Stokes luminescence features: (a, c) Schematic
illustration of changes of energy going between ion’s levels (b, d) Charts presenting of absorption

and emission bands.

Among the luminescent materials upconverting nanoparticles (UCNPs), semiconductor
guantum dots (QDs), carbon dots (C-Dots) or fluorescent proteins (FPs) are known [2].
The UCNPs, consisting from the host lattice (typically NaYFs) and lanthanide ions,
possess unique features, which make them the most promising for application
in bioimaging of biosensing. In contrast to the other mentioned materials, UCNPs exhibit
anti-Stokes emission. The excitation in the near infra-red (NIR) enables deep tissue
penetration and results in less autofluorescence and less phototoxicity compared
to UV and visible light. Emission bands of UCNPs are clearly narrower compared to other
luminescent materials. QDs emission is size dependent, e.g. the emission maximum
shifted from 550 nm to 660 nm with increase of the CdS QDs diameter from 2.9 nm

to 3.8 nm [3]. An analogous dependence of emissions on size is also observed for C-Dots.
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The emission wavelength of UCNPs is independent on the particles size and doping
concentration. Lifetimes of luminescence of UCNPs are longer, in the range of us to ms,
comparing with remaining luminescent materials. FPs and C-Dots luminescence
lifetimes are in ns regime. QDs possess longer, however still shorter than UCNPs
lifetimes in the range 10 ns - 300 ns. Thanks to modification of UCNPs architecture,
i.e. coating with inert shell, the lifetimes are longer, thanks to limitation of surface
guenching effects. Methods for biofunctionalization of UCNPs are much more difficult
than for FPs. In order to guarantee stability of colloidal dispersion, nanoparticles must
have a coating to prevent aggregation. Nanoparticles obtained by thermal
decomposition of lanthanide salts in high-boiling solvents are coated with a hydrophobic
layer. In order to use them for biological applications, it is necessary to provide
hydrophilic groups such as -COOH, -NH; or -OH on the surface of the nanocrystals.
A number of methods have been successfully developed to achieve this goal, among
them ligand oxidation, ligand exchange, ligand removal, amphiphilic polymer coating
and encapsulation in an inorganic coating or noble metal layer [2]. The ways to modify
the surface of QDs are similar to those used for UCNPs, however, in addition to ensuring
colloidal stability, preventing leakage of toxic heavy metal ions is key [2]. In the case
of C-Dots, as the surface is modified to disperse in water, the optical properties of these
materials change [2]. Chemical stability is a very important aspect of materials from the
perspective of biological applications. FPs are among the most stable phosphors.
QDs are quite chemically unstable, under acidic conditions, CdSe/CdS QDs decompose
with the release of Cd?* ions [4]. UCNPs, especially NaYFs, appeared to be chemically
inert, however, dilute dispersions of the particles were shown to dissolve in an aqueous
environment at RT [5]-[9]. C-Dots, which were discovered relatively recently in 2004,
show remarkable chemical stability [10], [11]. The UCNPs can be synthesized in wide size
distributions in different shapes, contrary to QDs or C-Dots. Moreover, the C-Dots suffer
from weak repetitive and uniformity after the synthesis. Despite many important
features, the UCNPs suffer from low quantum yield and small absorption cross sections.
Nevertheless, the UCNPs still are materials with high potential of application

and will be feature studied.
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8. Lanthanide ions

The fifteen chemical elements from Lanthanum (La) to Lutetium (Lu) with atomic
numbers from 57 to 71 are commonly recognized as the lanthanides (Ln). However,
according some sources, La is excluded from this group, due to empty 4f orbital [12].
Therefore, the term lanthanoids were adopted to include all mentioned fifteen chemical
elements [13]. Nevertheless, considering the commonness of couple of the elements
from La to Lu into one lanthanide group, also for the purpose of the present dissertation
this concept is adopted. Lanthanides together with Scandium (Sc) and Yttrium (Y)
are determined as rare earths (RE). There are no deposits of RE elements in pure form
in nature. They occur in a chemical compounds, as oxides, carbonate minerals, silicates
or phosphate minerals in rock materials containing rare earth minerals,
such as bastnaesite, monazite or xenotime. The electron configuration of Ln3* could be
written with the general formula: [Xe]4f™ 5d° ! 6s2. Characteristic feature of Ln3*
is a gradual feeling of the orbital 4f with the electrons, while La has no 4f electrons, thus,
as mentioned above, sometimes is omitted from the lanthanide group. The electronic
configuration of particular lanthanides is presented in the Table 1. In the lanthanide
series, as the atomic number increases, the charge of the nucleus increases,
the consequence of which is a decrease of lanthanide atomic radii. This is the so-called
contraction of lanthanides. Lanthanides usually exists at +3 oxidation state, however
some of theme also at +2, namely Sm?* Eu?*, Tm?*, Yb?*, or +4, as Ce**, Pr**, Tb** ions.
It is usually due to more stable electron configuration of f° f7 or f1* [14].

The Ln3* electron configuration is presented in the Table 1.
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Table 1. Lanthanides with atomic number and electron configuration

Chemical Abbreviation | Atomic Abbreviated electron Ln* electron
element name number configuration configuration
Lanthanum La 57 [Xe] 5d'6s2 [Xe]

Cerium Ce 58 [Xel4f15d* 652 [Xelaf?
Praseodymium Pr 59 [Xel4f3 652 [Xelaf?
Neodymium Nd 60 [Xel4f* 652 [Xelaf3
Promethium Pm 61 [Xel4f> 652 [Xel4f*
Samarium Sm 62 [Xel4f© 652 [Xel4f>
Europium Eu 63 Xel4f76s? [Xel4f®
Gadolinium Gd 64 [Xel4f7 5d* 6s2 [Xel4f”
Terbium Tb 65 [Xel4f°6s? [Xeldf®
Dysprosium Dy 66 [Xe]4f106s2 [Xel4af®
Holmium Ho 67 [Xel4f116s? [Xe]af1o
Erbium Er 68 [Xeldaf126s2 [Xelaf1t
Thulium Tm 69 [Xeldaf136s2 [Xeldf1?
Ytterbium Yb 70 [Xel4f1*6s [Xeldf3
Lutetium Lu 71 [Xeld4f1* 5d* 652 [Xel4f14

8.1. Spectroscopic properties
Ln3* poses very unique spectroscopy features, namely narrow and well-separated
absorption and emission bands, as well as long lifetimes of the excited states.
The features are connected with the richness of discrete energy levels as well as

the transitions occurring inside Ln3* ions and will be explained in the present subsection.

8.1.1. Energy level structure
The determination of the energy level structure and electron transition between energy
levels of RE ions is based on the system's Hamiltonian. In the case of a trivalent RE ion,

the corresponding Hamiltonian is expressed as follows:

Hisotation center = Hg + Hso. = Ho +V + Hg o, Equation 1

where Hg indicates Hamiltonian of the electron system, Hs . is connected with the spin-
orbit interaction of the felectrons (the most important magnetic interaction). H, makes

a main part of Hg and is connected with the interaction of each valence electron with
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the atomic nucleus, which ensures the electronic orbits of the 4f valence electrons
leading to form the configuration of 4f™. V describes the Columb interactions between
electrons of orbital 4f and leads to split of the 4f™ configuration for many different
energy states. Each of the states can be indicated by L and S letters (the LS term).
However, the LS configuration is not obvious, therefore can be ignored. The Hg,
Hamiltonian can describe the interaction between the angular moment and the spin

of electrons:

Hgp = 2§Dl - S; Equation 2
where ¢ is the constant of spin orbit coupling and makes a function of distance

of the i electron, r;.

According to the Russell-Saunder Coupling (LS coupling) the Hamiltonian Hg,
can be expressed by L (orbital moment) and S (spin moment) as { L - S separating L and

S as states composed of series of quantum numbers L, S and J (total angular

momentum).
25+1
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S 25+1 L
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4fn ,” ’ e
I ’
~ 7/
~ ~ A\ A 4 -
Central field — e
(Ho) Columbic field e
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Figure 2. Simplified illustration of the effect of Coulombic field, spin—-orbital coupling, and crystal field
interaction on the splitting of the [Xe]4f" configuration [15].

It means, that the approximation in which each electron is described by four quantum
numbers (Principal Quantum Number: n, Orbital Quantum Number: |, Magnetic
Quantum Number: m and Spin Quantum Number: ms) is not sufficient to describe the
spectra of multi-electron atoms. Several or more different energy levels (electron terms)

of an atom may belong to a single electron configuration, due to the electrostatic
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interaction between the electrons (Figure 2), the consequence of which is that none
of the electrons is in a strictly spherically symmetric field. The various quantum states
of an atom's electron shell corresponding to such terms differ in the values
of the quantum numbers and characterize no longer the individual electrons, but their

entire ensemble. The Russell-Saunder term symbol is given by:

25+1
25+ )L] Equation 3

where: L=}, S=Y¥m,; and]=L+S,..|L—S|

The L value corresponds to respective term letter, namely L=0, 1, 2, 3, 4 ... corresponds

S,P, D, F, G .., respectively. Calculating L, only unpaired electrons are considered.

L 0 1 2 3 4 5 6 7 8 9

Symbol S P D F G H | K L M

The mg, value is O for paired electrons and % in the case of unpaired electron. Wishing
to determine the name of the basic term, the maximum possible J is taken as the value
of J when electrons fill more than half of the orbital and, conversely, the smallest J value
for an orbital filled less than half. Let’s consider the basic terms for three ions which

are in focus of the dissertation.
a) Thulium Tm3*:

Thulium cation Tm3* is formed by donating three electrons including two from the 6s2
orbital and one from the 4f orbital. Thus, the electron configuration of Tm3*is: [Xe] 4f12.
In this case, the cage configuration notation of orbital 4f of Tm3* ions, considering
the Hund’s rule, can be shown on the following scheme (the arrows represent particular

electrons):

ettt |t

mg,| 0| o o] o] o] un | %

L=2+3=5=>H
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The 4f orbital is filled in more than half therefore a larger value of J should be taken

to describe the fundamental term. Thus the symbol of basic term of Tm3*ions is: *Hj.
b) Praseodymium Pr3*

The electron configuration of Pr3* is following: [Xe]4f?, therefore,

i

L | -3 | -2

2S4+1=3 = 3H
J=L+5=6
J=L-S=4

Considering, that the electrons occupy less than half of 4f orbital, lower value

of Jis chosen for basic term, therefore it is described as 3H4.
c) Holmium Ho3*

The configuration of Ho3" ions is following [Xe]4f°. The cage recording of the electron

configuration according to Hund's rule looks as follows.
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Lttt

0 1 2 3

mg. | O 0 0 V2 V2 V2 V2

L=14+24+3=6>1
S=2
25+1=5>= °H
J=L+S=8
J=L-S=4
The basic term of Ho3*ion is >Hg.

The energy levels of 4f lanthanide ions are presented in the Dieke diagram (Figure 3).
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Figure 3. Energy level structure of lanthanide ions based on computed crystal-field energies
in the range of 0-50 000 cm™ with labels of **1L and/or J [1].

There are three kinds of electronic transitions existing inside the Ln3* ions, among which
there are intra-configurational f-f transitions, inter-configurational d-f transitions
as well as inter-configurational charge transfer (CT) transitions. Most of the optical
transitions observed in the visible region of the Ln3* electromagnetic spectrum exist

between 4f orbital states. Considering the Laporte rule electric dipole (ED) transitions
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are forbidden in centrosymmetric molecules and atoms. However, these transitions
become allowed with a change of parity. Therefore, 4f-f ED transitions are prohibited,
however exist due to impact of crystal field. Lowering the symmetry of the matrix relaxes
the selections rules and favors f-f transitions. In Ln3* ions exists also magnetic dipole
(MD) transitions, which are allowed for the same parity. Considering the influence
of electric field, ED transitions can be coupled with vibrations and MD transitions.
The characteristic unique features of Ln3* ions emission are the consequence of the
induced electric dipole 4f-f transitions [16]. Moreover, the 4f is a deep-lying orbital,
which is protected from the chemical environment influence by shielding 5s% and 5p®
orbitals [17]. The s and p orbitals are responsible for bonding with the host material [17],
therefore the matrix has a weak influence on 4f electrons, i.e. the electron-phonon
coupling is low. Considering the mentioned 4f orbital features it is clear to understand
the unique Ln3* ions spectral properties including narrow, stable, well-separated bands
of emissions and absorption spectra and relatively long lifetimes in the range from
hundreds of microseconds to milliseconds [17]. However, the intensities
of the f-f transitions are lower comparing with the 5d-4f allowed transitions.
The 5d-4f transitions are very sensitive for environment, because the 5d electrons
are engaged in forming a bond with the matrix. Therefore, these emission bands
are broader than for f-f transitions and excited state lifetimes are significantly shorter
[17]. The inter-configurational (CT) is also allowed and occurs for lanthanide ions having
the tendency to reduction. CT leads on electron transfer from ligand to the lanthanide

ion, thus depends on chemical environment and electron configuration.

8.1.2. Energy transfer mechanisms
The energy transfer (ET) process goes between two molecules: donor (D) and acceptor
(A) of energy. The first, D, after absorption of energy, hwex, is excited to excited state
and consequently has the ability to transfer a part of the energy to a neighboring
A luminescence center. It is important to mention, that the emission band of D has
to overlap with absorption region of A. As a consequence, the fluorescence of A can
be enhanced, however the D luminescence decreases. The two kinds of ET processes

are distinguished, namely radiative and non-radiative.
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a) Radiative ET

In the case of radiative ET, D molecule, being in the excited state, emits the energy
in a radiative way. The emitted radiation is absorbed by neighboring A molecule.
The lifetime of D is not changed. Emission region of D ion overlaps with the absorption
of A, what leads to reabsorption of radiation by A and, as a consequence, enhance
the A photoluminescence. However, when the ET goes between similar or the same
molecules, can sometimes lead to self-quenching effect. The D and A molecules
are sometimes called as sensitizer and activator, respectively. The radiative
energy transfer occurs for molecules being in large distance. Radiative
luminescence lifetimes — the inherent lifetimes of the excited level in perfect conditions,
i.e. without any energy losses caused by non-radiative transitions, are possible
to measure in very diluted sample, in bulk crystals without near-surface effects

and at ultra-low temperatures, what hinder all multi-phonon relaxation.
b) Non-radiative ET

In non-radiative ET process, D molecule also absorbs an excitation energy, however
the transfer of energy to acceptor undergoes in non-radiative manner. It means,
that D does not emit radiation. D in excites state non-radiatively gives the energy to A,
which has similar energy of excited level. As in the case of radiative ET, the energy
of D decreases, while the A energy increases, however, no photons are emitted.
As a consequence of the process, the lifetime of D excited state is reduced.
In Ln3*, the 4f-f luminescence is caused by non-radiative ET from ligands (in the case
of RE3* complexes) or sensitizer (for inorganic RE3* materials) which efficiently absorb
the UV energy. Thanks to this, Ln3*, as acceptors, emit the energy in visible region.
The non-radiative ET can be resonant or non-resonant. The resonant non-radiative
ET occurs because of weak electromagnetic coupling between electrons on the energy
D and those on the A [1]. Depending on the distance between D and A the process occurs
either according to Dexter electron transfer or Forster Resonance Energy Transfer (FRET)
mechanism. However, dexter electron transfer requires wave function overlap between
D and A and occurs at short distances, typically within 1 nm. For bigger distances,

within 10 nm, the dominant resonant ET process is FRET, which is connected with
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Columb interactions. In the case of weak electron-phonon coupling and when
the emission of D does not overlap with the absorption of acceptor, the resonant ET
may be not possible [1]. In this case the non-resonant, ET can occur

with the phonon-assisted ET.

8.1.3. Mechanisms of upconversion emission
Because of metastable character of many exited levels of the lanthanides,
a lot of unconventional processes may occur. During UC process, absorption of two
or more photons of low energy leads to emission higher energy radiation. For example,
photons from NIR region are converted into visible or even UV region [1].
Firstly, the phenomenon was proposed by N. Bloembergen in 1959 [1]. Thanks to very
rich energy level structure, the Ln3* are well known as appropriate for upconversion

processes. Usually, the five following mechanisms of UC are considered:

e Excited state absorption (ESA),

e Energy transfer upconversion (ETU known also as APTE, from French: addition
de photon par transferts d’energie),

e Photon avalanche (PA),

e Cooperative energy transfer (CET) and Cooperative luminescence (CL),

e Energy migrated-mediated upconversion (EMU).
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Figure 4. Schematic presentation of upconversion emission mechanisms occurring in lanthanide ions: (a) excited
state absorption (ESA), (b) energy transfer upconversion (ETU), (c) photon avalanche (PA), (d) cooperative
energy transfer (CET) and cooperative luminescence (CL), (e) Energy migrated-mediated upconversion
(EMU) in nanocrystals of core-shell architecture.

The ESA process (Figure 4a) goes into one ion and relay on sequential absorption of two
low energy photons, which are in resonance with absorption from ground, as well as
excited state. The intermediate level should be stable with appropriate electron
population and ready for absorption of a second photon. The ESA process
can be facilitated by a strong absorption cross section as well as high pump power
density. What is important, ESA is more probable for low ions concentrations,
because it reduces the probability of non-radiative CR processes, which will decrease

the luminescence intensity.

The ETU process (Figure 4b) usually exists between different ions: two sensitizer ions
and activator ion, while sensitizer exhibits larger absorption cross section [1].
The sensitizers absorb and then transfers the energy to the activator ion in non-radiative
way by dipole-dipole resonant interaction. Activator ion go into higher excited state,
from which photons are emitted. Comparing with ESA, the ETU process is more efficient

and is less vulnerable to external environment. The Yb3* ion is commonly known
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and efficient sensitizer and makes pairs with Er3*, Tm3* or Ho* for which

the upconversion is the most efficient.

The PA phenomenon (Figure 4c) typically exists within single type of dopants. Excitation
wavelength has to be resonant with absorption from excited energy state
and simultaneously far from the resonance with absorption from ground energy level
(GSA) of excited ion. The intermediate level, from which ESA occurs, is populated during
the CR process (Figure 4c). CR relays on non-radiative ET between two ions, from which
one is in a higher excited energy state and the second is in the ground (or lower excited)
energy level. Consequently, population of intermediate energy level increases
exponentially, thus the ESA occurs more efficiently, resulting in highly nonlinear increase
of photoluminescence intensity. The PA process, as the main topic of this dissertation,

will be described in more details in the separate chapter (Chapter 9).

In the cooperative processes, namely CET and CL (Figure 4d), participate both kinds
of ions, i.e. two sensitizers and an activator. These two sensitizer ions are cooperatively
activated to fulfill a virtual excited state. Simultaneously sensitizer ions transfer their
energy to the activator ion [1]. In the case of CET the sensitizers energy is combined
aiming to excite the activator to emitting state without intermediate energy level.
For CL the emitting level of activator is also a virtual level. As a consequence,
the emission from activator ions is observed, however sometimes also low-efficiency

emission of the sensitizer ions is present.

The EMU process (Figure 4e) goes between active centers placed in core-shell designed
nanostructures [1]. Initially, sensitizer absorbs the excitation photon. Because exited
levels are metastable (long living), the sensitizer may additionally be responsible
for energy migration (lll) (Yb3*, Gd3*) or accumulation (lI) of energy in the system [1].
Subsequently, the energy is transferred to the activator ions (e.g. Pr3).
The ions responsible for energy migration have to be placed in a core-shell structure
of nanocrystals. If both types of ions were placed in the same part of the nanocrystal,
such as in the core, the process of energy exchange could lead to the quenching
of luminescence, therefore core-shell architecture plays key role in EMU process.
Thereafter, the energy is trapped by neighboring activator ions and finally photon

emission occurs.
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8.2. Choice of host lattices for upconversion
Lanthanide based phosphors consists of this elements ions, called as activators,
sometimes sensitizers ions are also present, as well as with a host lattice. Choose both,
the activators and the lattice has a significant influence on UC process properties.
As was mentioned and explained earlier, Ln3* are appropriate for UC processes.
Due to the weak electron-phonon coupling the energy of Ln3* levels in different lattices
are similar as in a free ions [18]. In order to ensure the high efficiency of energy
UC process, it is important to provide asymmetrical crystal field by low site symmetry
of Ln3*. The probability of mixing of opposite parities increases with increase of crystal
field asymmetry and simultaneously the amount of absorption end emission transitions
increases. The MD transitions are much less dependent on crystal field. Considering
the example of Er3*ions in a cubic a-NaYF4 lattice with the most symmetric On symmetry
with hexagonal B-NaYFs with lower Csn symmetry, more intense luminescence comes
from B-NaYFs doped lattice [19]-[21]. Beside crystal field, the lattice phonon energies
are important in the point of view of UC efficiency. The phonon energies appropriate
for UC process should be low, to reduce the influence of the nonradiative multiphonon
relaxations transitions on photoluminescence emission intensity. High phonon energies
increase the probability of non-radiative transitions, therefore easier extinguished the
luminescence. Low phonon energies, below 300 cm™ are available in heavy halides such
as chlorides, bromides and iodides, however these chemical compounds have reduced
applicability because they are hygroscopic [22]. Chemically stable oxides have high
phonon energies, around 500 cm™. Materials that combine desirable low phonon energy
with good chemical stability are fluorides. Their phonon energies are typically around
350 cm™ and therefore are excellent for UC processes. Comparing the impact of the two
effects, i.e. lattice symmetry and phonon energy on upconversion efficiency, the phonon
energy is a more significant. The example can be B-NaYFs matrix, in which Ln3* occupy
a crystalline site with a relatively high Csn symmetry, however, low phonon energies
make this lattice one of the best for upconversion of energy [22], [23].
Therefore, for the purposes of this work, B-NaYFs as well as LiYF4 fluorides were

synthesized, which also have low phonon energies.
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9. The phenomenon of photon avalanche

9.1. Mechanism and key conditions

Among different kinds of UC processes PA is unique due to highly non-linear increase
of photoluminescence intensity in response to minute rise of an excitation source pump
power density. As a consequence, the figure of luminescence intensity (I;) in a function
of pump power density (Ip) is a characteristic for PA s-shape curve (Figure 5a).

The dependence is described by following power law:

I, = IPS Equation 4
The S indicates slope of the curve and is a first parameter describing the PA process.

Secondly, the process is characterized by PAmy, which indicates the value above which

PA exists (Figure 5a).
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Figure 5. Characteristic features and mechanism of PA emission: (a) example of PA s-shape curve
of luminescence intensity in a  function of pump  power density  measured
for NaYFs: 0.5%Pr3*,15%Yb>*@NaYFs nanocrystals with indication of PA parameters: S and PArm,
(b) schematic energy diagram for two neighboring ions illustrating PA key conditions.

There are several key conditions necessary to observe PA. First of all, excitation
wavelength has to be resonant with ESA and simultaneously far from the resonance
with GSA. Moreover, the absorption cross section from excited state (0gs4)
has to be much higher than from ground state (0;54). The relationship between oggy4

and o;g4 is described by B parameter, as following ratio:

OESA .
= — Equation 5
0GSA
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And for PA B should be higher than 10 [24]. Finally, the intermediate level, from which
ESA occurs has to be populated during CR processes. CR is a non-radiative process
and relays on exchange of energy between two neighboring ions, donor and acceptor.
Donor, which initially is in a higher energy state, loses his energy, AE, and decays
to alower (intermediate) energy state, while acceptor, which initially is in a ground state
or lower excited state is promoted to a higher — intermediate energy
level — by absorbing of energy AE. The occurrence of CR requires matched,
near the same, AE energy gap of donor and acceptor ions. First initiation of CR doubles
the population of intermediate state, and then, the population of this level increases
in a loop. CR could be a parasitic process leading to concentration quenching
in conventional GSA based phosphors, however in the case of PA is very desired,
because it contributes to more efficient ESA. Another characteristic feature of PA
are slow luminescence rise times, tr, near the PAm, which are a consequence
of multistep looping of energy (during CR) within dopants before emission.
The tr is power density dependent, reaches even hundreds of millisecond near PAm
and further gets shorter with pump power increase. In the present dissertation, tsoy%
value indicates the time necessary to achieve the half of luminescence intensity counting
from switching-on the laser. Considering the long rise times which are characteristic
feature of PA, the parameter tsoy is important to evidence the existence of pure
PA emission and was calculated from the experimentally measured luminescence rise
times. One another feature of PA is PA gain, which describe an increase of luminescence

intensity when doubling pump power density, the Dav parameter was adopted:

_ LLz1p)

Dav I.(Ip)

Equation 6

In conventional materials Dav equals 2, for UC equals 4-6, for PA often exceeds 100.
Sometimes, additional sensitizers ions are required to observe PA. Usually Yb3* ions play
sensitizer role and transfer the energy to the activator ions. The CR process goes typically
between sensitizer and activator ions. That kind of PA was named

as sensitized PA (SPA) [25].
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9.2. History and literature review
Before the PA process was discovered, other energy UC processes were successively
observed and studied. The ESA mechanism was proposed in the year 1959
by Bloembergen based concept of infrared quantum counter (IRQC), which was the
inspiration for PA [26]. Before, all photoluminescence emitters were based on Stokes
emission, where the excitation wavelength was shorter than the emission one.
The ESA mechanisms mostly requires two laser beams, from which one is resonant with
GSA, and the second matches ESA. The exception are ions, in which the energy gap
between the ground level and the first excited level is close to the gap between levels,
where ESA occurs. It this case the energy differences can be overcome by phonons.
In this case, the use of a single excitation wavelength is sufficient. Bloembergen
proposed detecting and counting infrared photons by sequential absorption
in the excited state, however, it was difficult to achieve efficient sequence of absorption
from the ground state. In the future, in order to obtain more efficient quantum counters,
ETU (APTE) mechanisms between the sensitizer and activator ions have been presented.
Initially, until the mid-1960s, energy transfer from the sensitizer ions, being
in the excited state, to the acceptor ions, being initially in the ground state, was known.
The ETU process leading to the excitation of acceptor ions from an excited state
to a higher excited state was demonstrated in 1966 between Yb3, Tm3*
and Yb3*, Er3* ions [27]. The process was independently interpreted also as a cooperative
mechanism [27]. The PA history dates back to the 1979 year, when the LaCls and LaBr3
crystals were investigated by Jay S. Chivian et al [28]. They observed the remarkable
nonlinear luminescence emission coming from these crystals acting as quantum
counters. The materials were excited with green continuous-wave dye laser matched
the 3Hs - 3P] (J=0,1,2) transition in Pr3* ions. It was expected to observe the red
emission from Pr3* under excitation of 4.5 pum, which has populated the excited
3Hs Pr3* level. It was achieved, however unexpectedly, the intensity of luminescence
increased rapidly, about two orders of magnitude, upon the increase of pump power
density around the critical pump, P, value (1.2-12.2 W/cm?). The PA was caused
by the CR process during which the intermediate 3Hs level was populated what led

to the efficient ESA leading to observe the non-linear increase of photoluminescence
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emission. Considering technical advantages of PA, it is worth to mention, that to obtain
the process, the excitation wavelength has to be resonant only with the ESA, therefore
one excitation beam is sufficient. To ensure efficient CR process, the ions concentration
should be high in order to obtain efficient interaction between these ions.
Initially, PA was shown in bulk single crystals, fibers and glasses doped with different
Ln3* from low to RTs [27]. Beside Pr3* doped, also different quantum counters,
for example LaBr3:Sm3* [29], CeCl3:Nd3* [30] shown PA phenomenon. The PA mechanism
became an interesting way to achieve upconverting lasers [27], [31], [32]. Multicolor
upconverting emission from different lanthanides was reported, namely Pr3* and Sm3*
ions emitted red light around 644 nm [28], [29], [32], [33], optically active centers
of Tm3*ions emit blue (480 nm) [34], [35] and red (800 nm) [36] light. Green PA emission
was observed from Er3* ions [37], [38] and Nd3* ions emitted violet light at 413 nm [31].
Beside classical PA, also SPA mechanism is known. Example of SPA can be process
observed between Pr3* and Yb3* ions, where, under infrared excitation, emission

was observed at 635 nm [39].

Developments in the synthesis of nanoparticles doped with Ln3*, the design of advanced
synthesis of the nanostructures in core-shell architecture, have led to greater interest
in these materials [24], [40]—-[49] as well as greater control that enabled to design their
spectral properties. For a long time obtaining the PA at nanoscale was a challenge,
but it was achieved and firstly presented for Tm3* doped NaYFs nanoparticles [24]
in 2021. Subsequently, PA was presented in Tm3* doped LiYF4 micro and nanocrystals,
where the influence of lattice size on PA features was investigated [50]. There are also
known the articles reporting SPA in Pr3, Yb3* co-doped NaYFs; core-shell
nanocrystals [25]. In that examples, the Yb3* ions played the role of sensitizer
and formed the energy migration network hosting the migrating PA mechanism.
Therefore the mentioned SPA process has been also called as migrating PA (MPA).
There were attempts of showing PA in materials doped with Ho3* ions, however, the
resulted slopes were relatively low, what indicates the observed processes are rather
energy looping than PA, which most probably are due to non-radiative losses,
insufficient energy looping or insufficient ratio between ground and excited state

absorption [51], [52]. Also, nanomaterials doped with Nd3* ions were investigated,
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however the obtained emission demonstrate PA-like features rather than PA,
which is evidenced by lack of slowing down of the risetimes or relatively low
slopes [53]-[56]. Interestingly the signs of PA emission in Nd3* have been found in ultra-
low phonon materials at RT [57]The detailed literature review of PA mechanisms will be

describe in details for Tm3*, Pr3* and Ho3* ions, which are the subject of present work.

9.2.1. PAin thulium ions
Thulium ions, Tm3* have demonstrated emission spanning from UV, through visible
(blue, red) up to NIR spectral region. The emitting levels of this ions are 1D,, 1Gs, 3H4
and 3F4 [58], [59]. Also emission from 3Pg is known, however is rarely investigated [58].
Out of the four considered energy levels, the 1D, emits the highest energy UV ~365 nm
and blue ~450 nm luminescence, which correspond D, —3Hgand D2 —3F4, transitions,
respectively. The transitions from 1Gs level, namely !Gs—3Hg and Gs—3F, are assigned
to visible emissions at 480 nm (blue) and 650 nm (red), respectively. NIR emission
at 800 nm was attributed to 3Hs—3Hs transition. The longest wavelength radiation,
around 1800 nm, corresponds the 3Fs —3Hg transition. Upconversion processes,
including PA were successfully observed in Tm3* doped materials [60]. Initially, PA was
observed in bulk materials, glasses, waveguides and fibers from low to RT [27].
Among these materials are LiYFa4 crystal [34], YAP (YAIOs) [35], YAG (Y3AlsO12) [61], LaFs,
YSO (Y2SiOs) single crystals [62], BIGaZYTZr fluoride glasses [63], Y203 crystals [64],
ZBLAN fibre [65], fluoroindate glasses [66] [34] [35] [61] [62] [63] [64] [65] [66].
In the most of mentioned cases the blue PA emissions at around 450 nm (D2 — 3Fa)
(Figure 6 EMI;) and around 480 nm (!G4 — 3He) (Figure 6 EMI,) were observed
as a consequence of red or infrared excitation (Figure 6 ESA1.4). It is worth to note,
that the emission at 480 nm was observed more frequently [35], [61], however, in some
materials both 450 nm and 480 nm emissions were present, for example in the case
of Y203 crystal fibre [64], [67] , BIGaZYTZr fluoride glasses [66], YSO (Y2SiOs) single crystal
[62], fluoroindate glasses [66] and ZBLAN fiber [65]. For many years, obtaining PA
in nanomaterials and at RT was a challenge. For the first time the PA in nanoscale was
observed in 2021 year in NaYF4 core-shell nanocrystals doped with Tm3* ions [24].
The concentration of Tm3* ions in core covered by undoped shell was various as 1%, 4%,

8%, 20% and even 100%. The PA emission at 800 nm attributed to the
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3H,;— 3He (Figure 6 EMI3) transition was obtained under excitation with 1064 nm (Figure
6 ESA;), which is resonant with absorption from excited state: 3Fs— 3F.3
and simultaneously far from the resonance with absorption from the ground state.
What is interesting, under excitation with 1450 nm (Figure 6 ESA;) corresponding
3F, — 3Hg4 transition, non-linear emission was also observed. However the slopes were
lower, around 5, than in the case of excitation with 1064 nm, were slopes reached
a value around 30. The NaYFs:8% Tm3*@NaYFs nanocrystals, with slopes of 26
and thresholds around 6 kW/cm? were found optimal for PA. With the use of these
nanoparticles a PA Super-Resolution Imaging (PASSI) was demonstrated [24], however
the idea of PASSI was suggested and demonstrated earlier [68]. It was shown
experimentally and by modelling, that for this nanocrystals, it is possible to obtain image
with resolution exceeding the diffraction limit (70 nm) using diffraction limited gaussian
excitation beam with pump power corresponding PA (7.6 kW/cm?). Other way
to sub-diffraction imaging is super resolution Stimulated Emission Depletion (STED)
Microscopy. This approach was realized with use of Tm3* and Yb3* co-doped NaYF4
nanocrystals [69]. The nanoparticles were excited with 980 nm, and then simultaneously
with 980 nm and 808 nm. The emission from 3Ha level dominated. Under 980 nm and
808 nm excitation there was observed clear decrease of emissions intensities from
Dy and G4 levels for nanoparticles including high concentration of Tm3* ions comparing
with single 980 nm excitation. For lower — 1%Tm3* doped nanocrystals, the effect
of inhibiting blue emission was less visible. The reason of the high depletion effect were
CR processes which are more efficient for higher concentration of Tm3* ions. In this case
PA-like features was observed, however the excitation wavelength, comparing with pure
PA, was not non-resonant with GSA [69]. Recently, pure PA was observed in LiYF4 crystals
in different sizes, from bulk, to micro, to nanocrystals [50]. All materials were
investigated under NIR excitation around 1060 nm, which is resonant with ESA 3F4—3F; 3
and simultaneously far from the GSA. PA emissions were observed at 475 nm and 800
nm. It was noted that as the size of the crystal decreased, the PAry moved to higher
values. These results are a part of present dissertation and will be described in details
in the Results and discussion section. With the use of Tm3* ions, migrating PA process

was also shown [70] — Tm3* were co-doped into four-layer core-shell nanostructure:
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NaYF4:Yb/Pr (15/0.5%) @ NaYF4:Yb/Tm (3/4%) @ NaYFa:Yb/Pr (15/0.5%) @ NaLuFa.
The nanocrystal were excited with 852 nm, which initiated PA looping in the core,
afterwards the energy was transferred to Tm3* ions and PA blue emission at 452 nm
(transition D2 — 3F4) was observed. Similar experiment, under excitation with 852 nm,
was performed for singly Tm3* doped as well as Tm3* and Yb3* co-doped crystals,
however in this cases no emission was observed, what means, that the presence

of Pr3* and Yb3* looping ions and Yb3* migrating ions plays key role.
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Figure 6. Transitions and energy transfers responsible for PA in Tm3*doped materials. Presented excitation
wavelengths were proposed in the literature as leading to observe PA. GSA indicates how particular wavelength
matches ground state absorption. The example CR processes are presents with the energy mismatch. In the diagram
are included typically emissions reported as PA emissions.
9.2.2. PAin praseodymium ions

Trivalent praseodymium ion, Pr3*, is commonly used in laser techniques [71]-[74],
spectroscopy [75]-[78] and optoelectronics [79], [80]. The ability to emit light in the NIR
region, which coincides with the transmission window of biological tissues [81], enables
the Pr3*ions to be useful for biodetection and bioimaging [82], [83]. Moreover, materials
doped with Pr3* ions have been tested as promising candidates for therapy, particularly
as sensitizers in radiotherapy [84], [85]. Depending on host material, the Pr3* ions show
different emission bands. Emission from 3P1 and 3Pg levels terminated at 3Ha, 3Hs, 3Hs,
3F,, 3F3 and 3F4 levels are typically observed, however the presence of 'D; level emission
is dependent of the matrix. The energy gap between 3Py and D, level is about

3850 cm?, which in the case of a matrix of low-energy phonons, such as fluorides,

58



Introduction — The phenomenon of photon avalanche

is difficult to relax using non-radiative transitions, as it would require quite a number
of phonons (for NaYFs as many as eleven). Therefore, in these matrices, energy
is emitted in a radiative way from the 3P level before it has time to overcome the energy
gap going to the D3 level [86], [87]. Nonetheless in oxides, where the phonon energies
are higher, the D, emission is observed [88]. Pr3* ions absorb the energy the most
efficiently in the range 440 nm — 480 nm, which corresponds to transitions from
3H4 to 3Po, 3P1, ls, and 3P, levels [74], [78], [87]. The absorption around 594 nm
corresponding to 3H;—'D> transition was also reported [78]. In the LaCls and LaBrs
quantum counters doped with Pr3*ions (concentration of 4.88%) PA was observed first
time in the year 1979 [28]. The material was excited with 4.5 um (Figure 7 ABS;) and 529
nm (Figure 7 ESA;). NIR radiation provided population of excited 3Hs level, from which
ESA occurred leading to 3Hs—3P; transition in response to 529 nm excitation.
The 529 nm wavelength being resonant with the mentioned transition is simultaneously
far from the resonance with from the GSA of Pr3* ions, which is prerequisite for PA.
Fluorescence output intensity increases above two orders of magnitude near well-
defined value of P.in the range 1.2 — 12 W/cm? depending on emission transitions, which
were detected as 3Po—>3Hg(Figure 7 EMIls) ,3P1—>°F2(Figure 7 EMIs)
and 3Po—3F; (Figure 7 EMIg). There are reports demonstrating the PA in Pr3* ions under

excitation with 677 nm corresponding the 3F3—3P; transition (Figure 7 ESA3) [32], [89].

PA was also reported in Pr3*, Yb3* co-doped materials, where Yb3* ions played the
sensitizer role. Recently, SPA emission was observed in Pr3* and Yb3' co-doped
nanocrystal. However, earlier such process was reported in ZBLAN fibers as well as LiYF4
crystals, which were investigated under infrared excitation (Figure 7 ABS;, ESA:)
and the emission of 3Pg1 energy levels was observed [90], [91]. Reducing the size of
materials gives a possibility to interesting applications of PA nanoparticles — for example
in super-resolution imaging or in bioimaging. Therefore the important achievement
is PA presented in NaYF4 nanocrystals co-doped with Pr3* and Yb3*ions. The Yb3*ions act
as sensitizers and form an energy migration network, supporting the mechanism
of migrating PA from the looping ions (Yb-Pr) acting as a ‘work horse’. The important
feature, which enables such complex and effective sequence of processes originate from

the ability to split looping ions from activator ions within core-multiple-shell
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nanoparticles designs. The nanocrystals were excited with around 852 nm
(Figure 7 ABS;, ESA;), which is resonant with excited state absorption of Pr3* ions
and simultaneously far from resonance with GSA of these ions. PA emission
was observed at around 480 nm (Figure 7 EMI1) and 610 nm (Figure 7 EMI4). With the
aforementioned studies, the feasibility of using avalanche materials for subdiffraction
imaging [92] and luminescence nanothermometry [25] has been confirmed,
as previously predicted [68], [93]. However, further investigations of sensitization
of avalanche emission of Pr3* jons by Yb3* ions are needed in order to learn and clarify

the exact mechanism of this process.
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Figure 7. Transitions and energy transfers responsible for PA in Pr3* singly doped as well as Yb** and Pr3*
co-doped materials. Presented excitation wavelengths were proposed in the literature as leading to
observe PA. GSA indicates how particular wavelength matches ground state absorption. The example CR

processes are presents with the energy mismatch. In the diagram are included typically emissions reported
as PA emissions.

9.2.3. PAin holmiumions
Holmium ions, Ho%*, like Tm3* and Pr3* ions have the ability to upconversion of energy.
The ions under red and IR radiation emit visible green, blue or red light [94]-[98].
First Ho3* based lasers worked at low temperatures and possessed garnet hosts, namely
YAG, YSGG or YSAG [99]-[101]. Nowadays, lasers composed of Ho3* work at RT, are one
of the most widespread and have a lot applications for example in medical treatments
[102]. PA like mechanism in Ho3* doped ZBLAN matrix was reported in 1996 year [103].

In this case the material was excited in the range from 570 nm to 600 nm. At 585 nm
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excitation (Figure 8 ESA4), which is resonant with ESA °l; — °Gg transition, green light
at 522 nm and 543 nm (Figure 8 EMIs) with accompanying red light ranging
630 nm - 670 nm (Figure 8 EMIs) was observed. Similarly, PA like mechanism was
demonstrated in YAP, YAG, YLF, ZBLAN and ZrF4 doped with Ho3* ions [96], [104], [105].
Other possible PA mechanism in Ho3" ions based materials, among others
in fluoroindonate glasses, fluoride nanophase glass ceramics or YAP, was reported under
excitation with around 750 nm wave [94], [97], [98], [106], [107]. The 750 nm
wavelength is resonant with both GSA (Figure 8 GSA1) and ESA (Figure 8 ESAs.)
of Ho3* ions, however the absorption cross section for GSA °ls — °l4 transition was
reported as much weaker comparing with absorption cross section for ESA °l; — °S3,°F4
transition. Moreover, the intermediate °I7 level has long lifetime, around 17 ms [105],
what facilitates the ESA after weak GSA absorption. However, the mechanism is rather
similar to traditional ESA than PA. Under 750 nm excitations blue,
green and red emissions were observed and correspond
to °F3—°I3(~490 nm) (Figure 8 EMIs), °F4,°S;—>>ls  (~545 nm) (Figure 8 EMls)
and °Fs—°Ig (~650 nm) (Figure 8 EMIs) transitions, respectively. The blue emission was
weak. In one of the mentioned articles also UV emission corresponding
>G4—>°lg transition was reported (Figure 8 EMI1) [97]. The efficient ESA is provided
by CR processes populating the intermediate state. Widely reported CR process
between Ho3* ions is (°Sz, °ls) = (°la, °17) [94], [104], [106]. Moreover, following
CR processes leading to populate °l; energy level were proposed: (°Sy, °lIs) — (°la, °17)
(Figure 8 CRi), (°F3, °Is) — ( °Fs, °I7) (Figure 8 CRa), (°Fs3, °ls) — (°l7, °Fs) (Figure 8 CRs),
(°Is, °1s) — (°l7,°l7) (Figure 8 CRa), (°la, °Is) — (°l7,°l6) (Figure 8 CRs) or (°Sy, °ls) —> (°17, °la)
(Figure 8 CRg) [94], [103], [104]. In the described examples, the luminescence intensities
of reported PA emissions were presented as a function of pump power [MW] and the
dependence possessed relatively low S values, mostly around 2, therefore
it is difficult to claim pure PA behavior. However characteristic for PA slow tr were
reported [94], [96], [104]. Next to Ho3* doped materials, also Ho3* and Yb3* co-doped
matrices were investigated in order to check the presence of PA. The materials were
excited with 759 nm, 840 nm or 976 nm [106]-[108]. Under 750 nm and 840 nm

the green emission (°S;—°I3) (Figure 8 EMI4) was observed with slopes around 3.3 [106],
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[107]. The presence of Yb3* ions moved the PAty to lower values, because of energy
transfer between Ho3* and Yb3* ions, which populated the intermediate, starting for ESA,
>|7 level [106]. Spherical Gd,03 nanoparticles co-doped with Ho3* and Yb3* ions excited
with 976 nm (Figure 8 ABS1, ESA1, ESA;) shown UV, green, red and blue emission, while
blue was weak [108]. Beside CR processes going inside the Ho3* ions, an energy transfer
between Ho3* and Yb3 ions leaded to populate the metastable °lg level:
(Ho:*S2, Yb:%F7;2) = (Ho:ls, Yb:?Fs;) and (Ho:®ls, Yb:?Fs2) = (Ho:®ls, Yb:%Fss),
from which also ESA occurred [106]-[108]. PA-like photoluminescence of Ho3'ions
was investigated in the presence of Tm3* ions, which enhanced its intensity [103].
MPA process was reported for Ho3* ions in a presence of Yb** and Pr®* ions under
excitation with 852 nm [70]. There were synthesized following four-layers NaYFa
nanocrystals  NaYFs:  Yb/Pr(15/0.5%) @  NaYFa:Yb/Ho(3/4%) @  NaYFa:
Yb/Pr(15/0.5%) @ NaluF,4. Effective PA was obtained in a Pr3*, Yb3* co-doped core
and then an energy was transferred to Ho3* ions. Consequently, PA emission of Ho3* ions
was observed at 541 nm (°Sz/°Fs>°Is) (Figure 8 EMli) and 646 nm (°Fs—>°lg) (Figure
8 EMIs). However, at the same experimental conditions, i.e. under 852 nm excitation,
for nanocrystals doped singly with Ho3* ions as well as co-doped

with Ho3*and Yb3* ions no PA emission was monitored.
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9.3. Applications of photon avalanching materials
Initially investigated PA materials were applied as a quantum counters of MIR photons
[28], [109], [110] or as an upconversion laser sources [27], [32], [111], [112]. Reducing
the size of photon avalanching materials as well as obtaining
the effect at RT opened absolutely novel possibilities of their applications,
e.g. nanothermometers, super resolution imaging or biosensing. The mentioned

applications will be shortly described below.

9.3.1. Medium IR photon counters
There is a great demand for the detection of MIR photons falling in the wavelength range
from 3 um to 20 um. This radiation has many applications including spectroscopy,
(bio) imaging, metrology, astronomy or molecular analysis of gases. The available
detectors had insufficient sensitivity in the required wavelength range [113], and,
in addition, detection was hampered by the high level of noise resulting from natural
emission above absolute zero in the infrared range. Therefore, there was a need
to develop new MIR photon counters. One of the solutions proposed was to convert
the MIR signal to visible radiation, i.e., through the UC of energy [117]. The sensitivity
of generally available detectors in the visible range is much higher.
The idea of an IR quantum counter (IRQC) based on a two-step energy UC process
was proposed by Bloembergen in 1959 [26]. The first step in the mentioned process
was excitation of crystal containing rare earths or transition group ions by IR radiation
to an intermediate level, from which intense absorption to the emitting level followed.
Based on this idea of Bloembergen, Esterowitz et al. in 1968 suggested 165 patterns
suitable for detection of IR radiation in Ln3*[109]. This number could have been
significantly increased by the addition of another dopant, such as Yb3* ions.
However, the schemes were developed for the detection of IR radiation shorter than
3 um. The discovery of the PA phenomenon by Chivian et al. in 1979 marked the first
description of MIR quantum counters (MIRQC) [28]. Near the avalanche threshold,
the intensity of 4.5 pm photons causing Pr3* ions to transition from the ground state
to the 3Hs intermediate level was sufficient to trigger avalanche emission.
A quantum counter operating at wavelengths greater than 5 um is also known,

based on a LaBrs:Sm3* crystal [29]. It was sensitive in the spectral range from
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2 um to 10 pm. In this case, the avalanche photon emission observed above 3 kW/cm?
became a limitation, causing difficulties in conducting experiments and ensuring stability
of the pump intensity. The high demand for MIR detectors due to their wide range
of applications is motivating many researchers to develop sensitive and cost-effective
detection systems. New opportunities for detecting MIR photons at the nanoscale may
be opened up by the development of new nanomaterials that exhibit avalanche photon

emission.

9.3.2. Photon avalanche lasers
The first upconversion laser known since 1971 was a BaY;Fs crystal co-doped with
Ho3* and Yb3* ions, which [114]. Subsequently, bulk and fiber lasers were developed
using other RE ions as well [114]. The most common mechanism leading to laser
emission were ESA and ETU processes [27], [115]. In the case of the ESA mechanism,
a low dopant concentration is optimal to initiate the laser action because the process
occurs within a single ion. In the case of the ETU mechanism, interaction between
nearby ions is necessary, and for this reason higher dopant concentrations of active ions
and Yb3* ions as a sensitizer are optimal. However, too high concentrations of ions lead
to concentrative quenching of photoluminescence. PA has become an alternative
to the a mentioned processes [111]. The first laser based on the PA scheme was
described in 1990 in LaCLs fluorides doped with Pr3*ions [32]. The Pr3*ions were excited
with a wavelength of 677 nm, which they converted to an output energy of 644 nm with
an efficiency of 25%. Laser action was also observed in LiYF4 materials doped with
Nd3*ions converting 604 nm excitation to emission at 413 nm [31] and doped with Tm3*,
which showed 483 nm blue emission under 629 nm or 647 nm excitation. Lasers based
on the PA phenomenon have also been described for the Pr3*,Yb3* ions system by first
doping the LiYF4 (1%Pr3*, 10%Yb3*) matrix, where 720 nm or 639.5 nm emission followed
830 nm excitation [116], or BaY2Fs (1.25% Pr3* and 6% Yb3*), where emissions were
observed at 607.5 nm and 638.7 nm [112], [117], [118]. PA emission was also monitored
in materials doped with 1.5% Er3* ions, which emitted 549.8 nm (*S3/> > *l15/2) after
791.3 nm excitation matched with ESA #1132 = 2Hi1/2. The development of PA lasers
is also related to optical fiber materials. After excitation in the 780 nm- 880 nm range,

ZBLAN optical fiber doped with Pr3* and Yb3' ions showed multicolor emission
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of 3Po,1 energy levels at 482 nm, 530 nm, 610 nm and the most efficient beam at 636 nm
(power 300 mW, efficiency 52%) [73]. The laser emission produced by PA materials
includes a wide range of visible radiation. The most common is red emission,
but also green and blue. The most efficient lasers have been constructed based
on Pr3* doped and Pr3*, Yb3* co-doped materials. Particular development of lasers took
place during the 1990s and early 2000s. Therefore, the current development
of nanotechnology has not affected this field. Today known NaYFs; core-shell
nanomaterials doped with Tm3* ions show very promising properties [69], [119].
Continuous laser light at 800 nm and 450 nm has been reported at RT for these
nanoparticles mounted on 5 um diameter polystyrene microspheres under excitation
with 1064 nm [120], [121]. Avalanche-like laser emission has been demonstrated
in NaYFs nanocrystals co-doped with Er3* and Yb3* ions [122]. Avalanche lasers
based on RE ions offer new possibilities. The choice of pumping wavelength is much
greater as well as a selection of possible laser lines is wider. Large ion doping is allowed
and even desirable, which, in the case of PA, leads to efficient CR processes favorable
to the process due to increasing the population of ions in the intermediate state,
the initial state for ESA. This leads to an increase in the absorption cross section,
as well as an increase in brightness. However, PA lasers require high power densities

exceeding the value of optimal operation [111].

9.3.3. Thermometry
Thermometric luminophores are used to monitor temperature under the skin surface
for controlled hyperthermia, stroke or cancer research and also for in vitro observation
of living cells and subcellular structures by optical microscopy. Luminescence
nanothermometry uses the temperature dependence of the luminescence properties
of the materials under study. These parameters are typically emission intensity,
band-shape, polarization, bandwidth, lifetime and spectra position [123].
For thermal imaging of an object, the light generated by the object is analyzed.
Most current technologies use the luminescence intensity ratio of emission bands
at two different wavelengths or luminescence lifetimes [123]-[129]. These solutions
are relatively fast but costly. In addition, the shape of the luminescence spectrum

can be modified due to the medium in which the luminophore is located or the medium
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between the luminophore and the detector, which contributes to falsification of the
measurement [123]-[130]. For this reason, alternative luminescent thermometers are
being sought, and the PA phenomenon may offer new and advantageous opportunities.
Also known is the single-band-ratiometric approach based on the opposite dependence
of the luminescence of two bands as a function of temperature [56] [131]. In the case of
PA, the luminescence intensity of a single band can be monitored in two excitation lines,
i.e., by absorption in the ground state and also in the excited state. It is technically easier
and cheaper to switch between two excitation sources and record a band at one
wavelength in a single spectral channel than vice versa, that is, to monitor two spectral
signals in response to a single photo-excitation line. Due to the use of the same spectral
range of emission, the risk of interference with the temperature reading caused
by the medium will be eliminated. The richness of the energy levels of Ln3* ions opens
up a number of possibilities that allow their use in thermometry based on the ESA
process. Such an approach has recently been proposed and applied to nanomaterials
doped with Nd3*, Tb3, Eu3* and Pr3* ions [131]-[137]. Using numerical simulations,
the relative sensitivity of PA-based luminescent thermometers was predicted to reach
tens of %/K over a wide temperature range [93]. The effect of temperature
(-175°C to 175°C) on the characteristics of PA has been studied for NaYFs nanocrystals
co-doped with 0.5% Pr3* and 15% Yb3* ions [25]. Changes in the nonlinearity of the PA
process (slope 4.5-9) and PATx (of <100 to 700 kW/cm?) were observed. The maximum

temperature sensitivity was 7.5%/°C at 0°C.

9.3.4. Superresolution imaging
Fluorescence microscopy has many advantages, such as high sensitivity, in situ
processing capability and non-invasiveness [138]. An example is confocal laser scanning
microscopy (CLSM), which reduces background noise improving imaging performance
[139]-[141]. Multiphoton microscopy with long excitation wavelengths is useful for
imaging at deeper penetration depths [142]. However, despite the technical
developments of fluorescence microscopes, until recently, according to Abbe’s
diffraction limit, it was impossible to distinguish two luminescent species staying apart
at distance equal roughly less than half the emission wavelength (1). Recently, there has

been a great development of techniques that allow imaging of single fluorescent species
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with resolution below the diffraction limit. The breakthrough in this field came with the
work of Stefan W. Hell, William E. Moerner and Eric Betzig. Their work led to the
development of single-molecule imaging techniques and to the construction
of a high-resolution fluorescence microscope. The aforementioned microscope was
constructed in 2000 by Stefan W. Hell and operated using STED microscopy.
However, the scientist had already theoretically demonstrated the STED fluorescence
microscopy methodology in 1994, demonstrating that a resolution of 35 nm
could be achieved through it [143], [144]. A practical application of STED theory
was carried out by S. Hell in 2000 imaging E. coli bacteria and S. cerevisiae yeast [145].
STED microscopy requires two laser beams. The first is a low intensity excitation beam,
which causes excitation and results in a fuzzy spot. The second beam is the STED beam,
which is ring-shaped and high intensity. It causes extinction of luminescence except
in the center of the spot with a diameter of a few nanometers. The spot size becomes
effectively smaller when the intensity of the depletion beam decreases. The second
Nobel Prize-winning method is Single-Molecule Microscopy, to the development
of which William E. Moerner and Eric Betzig. In 1989, E. Moerner was the first
to measure the light absorption by measuring emitted fluorescence of a single molecule
[146]. To do this, he used a combination of Frequency Modulation Spectroscopy
techniques: Frequency Modulation Stark double modulation (FMS) and Frequency
Modulation ultrasound double modulation (FMUS), which made it possible to remove
background signals [143]. Inspired by this discovery, E. Betzig in 1993 examined
the luminescence of single carbocyanine molecules using Near-field Scanning Optical
Microscopy — NSOM [147]. This is one of the methods to break the diffraction limit
methods, however, due to the small range of the beam, it is difficult to image
intracellular structures. The next step in the development of super-resolution
microscopy was the proposal by E. Betzig of a new way to determine the position
of a large number of light spots with known spectral properties [148]. The first step was
to image separately each set of particles with the same spectral properties.
Then the means (point spread function-PSF) were determined for each imaged point.
The next step in the development of super-resolution microscopy was the

Photoactivated Localization Microscopy (PALM) technique introduced by E. Betzig
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in 2006 [149]. The method was demonstrated based on differences in the luminescence
fading time of proteins, which were randomly activated under 404 nm excitation
and then fluoresced under 480 nm excitation, which contributed to determining
the localization of each protein. After the first set of proteins was quenched, subsequent
ones could be activated until all groups were imaged. Despite strong absorption
coefficient and typically high fluorescence quantum efficiency, the organic dyes are
problematic because they exhibit broad and overlapping absorption and emission
bands, undergo photobleaching and typically require short wavelength (UV up to green)
photoexcitation, which not only scatters in heterogenous biological samples, but also

may be photochemically harmful for biological species.

The unique properties of Ln3* - narrow excitation and visible and NIR emission bands,
excellent photostability, long Iluminescence lifetimes have led to the use

of nanoparticles doped with these elements in super-resolution microscopy techniques.

Returning to the STED technique, it also found application in YAG nanoparticles doped
with Pr3* jons [150]. An excitation beam of 609 nm and a STED beam of 532 nm were
used to image them, resulting in a spatial resolution of 50 nm. Another scheme using
STED was proposed for NaYF4 nanocrystals doped with Yb3* and Tm3* ions, which were
excited with a 980 nm laser beam [69]. Emission from the D, level was observed.
The doughnut-shaped STED beam was 808 nm long and allowed a spatial resolution
of 28 nm. A similar scheme was applied to matrices doped with Tm3* ions obtaining
a resolution of 50 nm [69], [144], [149]-[154]. Avalanche materials were used
to improve optical resolution. The PA contributed to this. It was theoretically predicted
that the use of avalanche nanoparticles would make it possible to obtain a resolution
comparable to the results obtained with STED [68]. Thus, by means of scanning
avalanche nanocrystals with a Gaussian beam of power above the PA threshold,
it is possible to circumvent the diffraction limit obtaining a sharp PSF. This is because
a small increase in excitation power causes gigantic changes in luminescence brightness.
This approach is PASSI and was demonstrated for, among others, NaYF4 nanocrystals
doped with 8% Tm?3* [24] and LiYF4: 3%Tm3* [50] which were excited with a wavelength
around 1060 nm matched with ESA. The spatial resolutions obtained were below 70 nm

and 125 nm, respectively.
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9.3.5. Biosensing
Measurements of biological responses such as enzyme reaction, antibody and DNA
binding, or organelle and whole cell activity are possible with devices called biosensors.
Biosensors are widely used in medical diagnostics, checking food quality or monitoring
the environment. Recent advances in nanomanufacturing techniques have enabled the
miniaturization of biosensors [155]. Luminescent nanomaterials are used as biosensors
of proteins, antigens, DNA/RNA fragments, cell components or eukaryotic cells [156],
[157]. Materials for such applications must be characterized by biorecognition and bio
specificity. These features can be intrinsic or acquired through biofunctionalization.
The biosensors should be small in size and non-toxic. Signals from biosensors must be
easily distinguishable from background or tissue autofluorescence. One of the most
important advantages of Ln3* is their excellent photostability, as it allows long-term

imaging over continuous illumination.

However, Ln3* jons have low active cross sections for absorption and emission,
due to the forbidden nature of f-f transitions [158]. Therefore, organic antennas
or plasmonic enhancements have been proposed and evaluated as enhancements
[159]-[162]. Crucial for biological applications is the small size of lanthanide-doped
nanoparticles, below 10 nm, which is technically achievable using current synthesis
methods [49], [163]. However, in small particles, the large surface area-to-volume ratio
results in most of the optically active ions being exposed to surface ligands and solvents
causing luminescence quenching. Despite these issues, the energy UC process
in Ln3*- doped nanoparticles relative to other luminescent materials, is the most
efficient in 2-photon scenario [164]. However, the quantum efficiency of these materials
decreases significantly with decreasing size. Although Ln3* are not susceptible to local
chemical environments, they do undergo quenching under the vibration of -OH groups
(3300 cm™?). An important feature of Ln3* is the location of their absorption and emission
bands, which falls in the NIR region coinciding with the transmission region
of biologically relevant fluids and components. Examples include Yb3* and Nd3* ions,
which absorb at 980 nm and 800 nm, respectively, while emissions are observed
at 860 nm, 1060 nm and 1020 nm. Yb3* ions are commonly used as sensitizer ions,

however, excitation at 980 nm corresponds to the excitation spectrum of water,
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through which unwanted heating of biological material can be caused. The development
of a method to excite with Nd3* ions at 800 nm does not cause as much overheating
allowing to obtain efficiency and luminescence brightness similar to that of Yb3* ions
[165]. Promising for biological applications are Tm3* ions, in which the avalanche effect

was achieved after NIR excitation at 1064 nm [24], [50].

9.3.6. Optical computing
The electronic computing devices in use today are sophisticated and their further
development with existing technologies is limited. Because of this, other solutions are
being sought to enable efficient data processing. As an alternative, optical computing
devices are considered, which operate by encoding input or output data as modulation
of light parameters (i.e., phase or intensity). Such devices enable high energy efficiency
in operation, as well as reduce heat emission. Avalanche materials have
the characteristics necessary for such applications, as they enable all-optical data
processing and memory effects [166]. Calculations based on avalanche materials
can be compared to the function of synapses in the nervous system. Features
of synapses, such as the threshold intensity of the stimulus, below which it is bypassed,
and the facilitation effect of paired impulses are analogous to the action of avalanche
materials. Among other things, optical synapses allow signals to be transmitted by light.
Nanocrystalline Photonic Synapse with photon avalanching was recently reported [167],
where NaYF4:8%Tm3*@NaYF4 nanocrystals, whose luminescence dynamics depended
on the population of the 3H, metastable level were used. In this experiment, the sample
was pulse-excited at near-threshold power. The time intervals between pulses were
close to the luminescence lifetime of the mentioned metastable level of Tm3* ions.
Consequently, the population of this level before each subsequent excitation pulse was
slightly higher than that of the previous one. Thus, the luminescence response to each

successive excitation pulse was enhanced.
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lll.  Experimental

In the present chapter are described methods of synthesis, spectroscopy investigations

as well as calculations to perform presented investigations.

10. Materials — syntheses and characteristics methods

Thanks to low-phonon energies, which is a desirable feature for UC, fluoride matrices
were chosen for all investigations in this dissertation [168]. In contrast to high-phonon
energy materials, luminescence intensity in matrices of low-phonon energies is stronger,
because non-radiative relaxations are restricted [169]. Here, under investigations were
B-NaYFs and tetragonal LiYFs colloidal nanocrystals. Synthesis methods of these
materials as colloidal nanocrystals in a core and core-shell architecture are well known.
The synthesized nanocrystals have an oleic acid (OA) on a surface, which prevented
the particles from aggregating and rendered them hydrophobic. Core-shell architecture
provide highly desirable features of upconverting materials. Firstly, undoped shell
provides higher photoluminescence intensity of active Ln3* placed in the core
of nanocrystal by surface passivation. Secondly, subsequent shells can be intentionally
doped with some ions providing energy transfer between these ions, what is specially

desirable in EMU process.

Figure 9. Crystallographic cell of a) 8-NaYFs and b) LiYF4 crystal.

The crystallographic cells of the synthesized materials are presents in the
Figure 9 a and b. The Ln3* dopants substitute the Y3* ions into the NaYF4 as well as LiYF4
crystal structure. The hexagonal NaYF4 crystallizes in the P63/m space group. The Y3*ions

is bonded in a 9-coordinated geometry to nine F atoms in two inequivalent sites [170].

71



Synthesis, modeling and spectroscopic evaluation of selected Tm3*, Pr®*, Ho* doped
and Yb* co-doped colloidal photon avalanching nanoparticles

The LiYFs crystallizes in a tetragonal [4,/a space group. The Y3* ion is bonded

in a 8-coordinate geometry to eight equivalent F- atoms [171].

10.1. Synthesis methods
The synthesized B-NaYF4 nanoparticles were doped with thulium (Tm3*), praseodymium
(Pr3*), holmium (Ho3*), erbium (Er3*) or co-doped with ytterbium (Yb3*) ions. The LiYF4
nanocrystals were synthesized as doped with Tm3* ions. All nanocrystals were prepared
based on a thermal decomposition of lanthanide salts in high-boiling organic solvents
[172]. B-NaYFs@NaYFs core-shell materials were synthesized in a two shapes:
as an ellipsoidal and as a spherical nanocrystals. All core nanocrystals, ellipsoidal B-NaYF4
nanoparticles obtained after shell deposition as well as shell on LiYF4 nanocrystals were
synthesized by a thermal decomposition of lanthanide oleates. Spherical shell
deposition on B-NaYFs cores was obtained by a thermal decomposition of lanthanide

trifluoroacetates.

10.1.1. Preparation of precursor in a form of lanthanide acetates
Preparation of the precursor in a form of lanthanide acetates is a first step to obtain the
B-NaYFsand LiYF4 core nanocrystals as well as deposition of shell on LiYF4 and ellipsoidal
shell on pB-NaYFs nanocrystals. Stochiometric amount of lanthanide oxides
(total 2.5 mmol) was placed in a Teflon-lined vessel with 50% water solution of acetic
acid (Figure 10 a). As prepared mixture was maintained in 200°C for two hours to obtain
lanthanide acetates. Afterwards, a residual water and an acetic acid were evaporated
by using a rotary evaporator in pre-vacuum (<8hPa). The final precursor was dried
at 140°C for 12 hour (Figure 10 c). The oxides amount for synthesis of B-NaYFsand LiYF4
core nanocrystals as well as to depose the ellipsoidal shell on B-NaYF4 cores was total
2.5 mmol. In in the case of shell deposition on LiYF4 cores, the oxide amount was
1.25 mmol, because the shell was deposed for a half of core particles sample.

Preparation of precursor in a form of lanthanide trifluoroacetates

The precursor in a form of trifluoroacetates was prepared aiming spherical undoped
shell deposition on B-NaYF4 nanocrystals. Stochiometric amount of Y,03 yttrium oxide
(2.5 mmol) was placed in a round-bottom flask with 50% water solution of trifluoroacetic

acid (TFA) (20 cm?3) (Figure 10 b). The prepared mixture was kept in 90°C for one hour
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to form an yttrium trifluoroacetates. The final precursor was obtained by evaporation
of a remaining water and an acetic acid on a rotary evaporator in pre-vacuum (<8hPa)

and drying in 140°C for 12 hour (Figure 10 c).

(a) - (c)
lanthanide oxides
200 °C Lanthanide Solvents ’
2h acetates evaporation Drying of the precursor
for 12 hours
Acetic acid 50%
(b)
lanthanide oxides
90 °C Lanthanide Solvents

>
1h trifluoroacetates evaporation

.EI‘

Trifluoroacetic acid 50%

Figure 10. Scheme of the precursors preparation: (a) steps required to obtain lanthanide acetates,
(b) steps leading to obtain lanthanide trifluoroacetates, (c) drying of precursor prepared according

(a) or (b).
10.1.2. Core B-NaYF4 nanocrystals
Core nanocrystals were synthesized by the thermal decomposition of lanthanide
oleates. Initially, an oleic acid (OA) (30 cm?) and an 1-octadecene (ODE) (75 cm?) were
added to a round-bottom flask with the as prepared precursor in a form of lanthanide
acetates (Figure 11). The solution was stirred and heated to 140°C under nitrogen
atmosphere. In this temperature, under vacuum, the mixture was kept for half an hour
to form oleates and to remove a residual water and an oxide (Figure 11). Afterwards,
the solution was cooled to 60°C and a mixture of NaOH (12 mmol) and NH4F (20 mmol)
in methanol (MeOH) (13 mL) was added (Figure 11). The mixture was stirred for
10 minutes, and then, the temperature was increased to 85°C and the flask was opened
for half an hour to evaporate methanol. Thereafter, temperature was increased to 110°C
and the solution was kept under vacuum for 15 minutes to remove the residual
methanol (Figure 11). Subsequently, the mixture was heated to 300°C and a proper
synthesis took 1 hour under an nitrogen atmosphere (Figure 11). After this, the solution

was cooled down to RT and ethanol (EtOH) was added to precipitate the nanocrystals,
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which were centrifugated with 10 000 rpm for 10 minutes. Then, small amount
of n-hexane (4 mL) and EtOH (20 mL) was added and nanoparticles were centrifugated

at 14000 rpm for 10 minutes. Finally, obtained nanocrystals were dispersed

in chloroform (10 mL).
10.1.3. Core LiYF4 nanocrystals
The LiYF4 nanocrystals were synthesized in a similar way as core B-NaYF4 nanocrystals
The first difference is that instate of NH4F and NaOH the solution of LiOH-H.O
(12.5 mmol) and NHsF (20 mmol) in MeOH (15 mL) was added to the mixture after it was
cooled down to 60°C. Moreover, the time of the synthesis is longer, namely one and
a half hour. The obtained nanocrystals after washing and centrifugation were dispersed

in a 8 mL of chloroform. Over time, the white precipitate containing unreacted LiF

sedimented and was separated from the colloidal core LiYFs2 nanoparticles

by decantation. Clear solution was used for further experiments.

2499 85
20 -2’ ‘110? 300 ta
vacuum ; N,/vacuum ] N, ]
OA — s ! = | T |
ODE .' ! !
*sodium ." .‘I .'l
trifluoroacetate ," ," |"
7 Adding the solution // /
§ of NH,F and NaOH 4 7
Heatingin the /] in MeOH /] _ Heating _ /
heating basket { or core nanocrystals '/ |/
3 *or both b \

dried precursor

R ove remaining Evaporation of MeOH Thermal decomposition of
lanthanide salts

water and oxide
or chloroform

Figure 11. Colloidal fluoride nanocrystals synthesis scheme: adding of high-boiling solvents to precursor
*and sodium trifluoroacetate in the case of spherical shell deposition; removing of residual water and
oxides; adding solution of NH4F and NaOH in methanol (MeOH) in the case of core synthesis or core
nanoparticles while spherical shell deposition *or both during ellipsoidal shell deposition; solvents

evaporation; appropriate synthesis.
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10.1.4. Ellipsoidal B-NaYF4 core@shell nanoparticles
All procedure is similar to the synthesis of the core nanocrystals, with one additional
step, containing addition of core nanocrystals to the reaction mixture. At the beginning,
a precursor in a form of lanthanide acetates was prepared, as was described earlier.
OA (30 cm?3) and ODE (75 cm3) were added to a round-bottom flask with the precursor
and the mixture was kept for 30 minutes under vacuum in 140°C to form an oleates
and to remove a residual water and an oxide (Figure 11). Subsequently, the solution was
cooled to 60°C and the core nanoparticles dispersed in a chloroform (10 mL) were added
(Figure 11). The mixture was stirred for 10 minutes in a closed flask.
Then, the temperature was increased to 80°C and the flask was opened for 15 minutes.
Subsequently, solution was kept under vacuum for 15 minutes to remove residual
chloroform (Figure 11). Afterwards, the temperature of the solution was decreased
to 60°C and a mixture of NaOH (12 mmol) and NH4F (20 mmol) in MeOH (13 mL)
was added (Figure 11). The solution was stirred for 10 minutes in a closed flask and then
the temperature was increased to 85°C. The flask was opened for 30 minutes.
Subsequently, the temperature was increased to 110°C and the solution was kept under
vacuum for 15 minutes to remove remaining methanol (Figure 11). A proper synthesis
was conducted under nitrogen atmosphere at 300°C for one hour (Figure 11).
After this time, the solution was cooled down to the RT. Afterwards, nanocrystals were
precipitated with EtOH by centrifugation at 10 000 rpm for 10 minutes. Then, a minimal
amount of n-hexane (4 mL) and an EtOH (20 mL) were added and nanocrystals were
centrifugated at 14 000 rpm for 10 minutes. Finally, the nanoparticles were dispersed

in 10 mL of chloroform.

10.1.5. Spherical shell deposition
Initially, a precursor in a form of lanthanide trifluoroacetates was prepared, as described
above. Thereafter, sodium trifluoroacetate (5 mmol), OA(40 mL) and ODE (40 mL) were
added to a round-bottom flask with the precursor (Figure 11). A solution was stirred,
heated to 120°C and kept for half an hour under vacuum to remove residual water and
oxide (Figure 11). Afterwards, the solution was cooled to 60°C and, under nitrogen
atmosphere, 5 mL of core nanoparticles dispersed in a chloroform was added to the

reaction mixture (Figure 11). The solution was stirred for 10 minutes in a closed flask.
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Then, the temperature was increased to 80°C and the flask was opened for 20 minutes
to evaporate chloroform. Subsequently, the temperature was increased to 110°C
and the solution was kept under vacuum for 15 minutes to remove residual chloroform
(Figure 11). A proper synthesis was conducted in 300°C under nitrogen atmosphere for
1 hour (Figure 11). Afterwards, the reaction mixture was cooled to RT. Obtained
nanocrystals were isolated by addition of EtOH and centrifugation at 10 000 rpm
for 10 minutes. Then n-hexane (2 mL) and EtOH (10 mL) were added and the
nanocrystals were centrifugated at 14 000 rpm for 10 minutes. Finally, nanoparticles

were dispersed in 5 mL of chloroform.

10.1.6. LiYF4 core@shell nanoparticles
The shell on LiYF4 core nanoparticles was deposed on core nanocrystals in a similar way
as ellipsoidal shell on B-NaYFs nanocrystals. However, in this case the inert shell layer
was deposed on a half amount of LiYF4 core nanocrystals. The solvents as OA (15 mL)
and ODE (38 mL) were added to the round-bottom flask with the as prepared 2.5 mmol
of yttrium acetate salts. The prepared mixture was heated to 140°C, stirred and kept
for half an hour to remove residual water and oxygen. During this step, the oleates were
formed from the acetates. Afterwards, the solution was cooled down to 60°C 4 mL
of previously synthesized core nanocrystals were added to the flask. The chloroform was
evaporated during increase of the temperature. Subsequently, the mixture was cooled
down to the 50°C and solution of LiOH-H,0 (6.25 mmol) and NaYF4 (10 mmol) in MeOH
(10 mL) was added. The solution was stirred in this temperature for 15 min under
a nitrogen atmosphere. Then the flask was opened and MeOH was evaporated
in a higher temperatures (85°C-120°C). Further the mixture was kept under vacuum for
15 min. After MeOH evaporation the temperature was increased to 300°C and the
reaction mixture was stirred under nitrogen atmosphere. The proper synthesis
continued for one and a half hour. After this time, the solution was cooled down to the
RT. The nanocrystals were centrifugated at 14 000 rpm for 10 minutes.
Then the nanoparticles were washed with n-hexane (4mL) and EtOH (20 ml),
centrifugated and dispersed in a chloroform (4 mL). The white sedimented precipitate
containing unreacted LiF was separated by decantation from the colloidal LiYF4

core-shell nanocrystals before further experiments.
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10.1.7. LiYF4 microcrystals
The LiYFs microcrystals doped with Tm3* were synthesized by hydrothermal synthesis
method with some modifications [173]. 20 mmol of Y(NOs); and Tm(NOs)s lanthanide
nitrates were dissolved in 15 mL of distilled water. Then, the solution was dropwise
added to 1.06 g of EDTA solution and the mixture was energetically stirred for one hour
at RT (solution A). Subsequently, 60 mmol of NHsF and 20 mmol of LiF were mixed
in a 30 mL of distilled water (solution B). Afterwards, the solution A was dropwise added
to the still stirred solution B and the whole was stirred for 30 minutes. Then, the solution
was transferred to a 100 mL Teflon-lined autoclave and placed in the drying apparatus
in 200°C for 12 hours. After the synthesis, the product was cooled down to the RT.
White precipitate was separated by centrifugation from the supernatant. Afterwards,
the isolated precipitate was washed with distilled water and EtOH several times.

As obtained microcrystal were dried at 100°C for 2 hours on a hot plate.

10.2. Structure and morphology characteristics
In order to verify a phase structure purity of synthesized materials, XRD measurements
at RT were performed. The diffractograms were measured in the range of 10-90°20
of Bragg-Brentano geometry. Obtained reflexes were compared with reference patterns
from Inorganic Crystal Structures Database (ICSD). Average dimensions of obtained
materials were manually specified based on TEM images. Additionally, deposition
of passive shell was evidenced in an indirect way by comparing dimensions of core and
core-shell estimated based on TEM images. For representative sample, Energy
Dispersive X-Ray Spectroscopy (EDS) map and profile of appropriate ions were

measured, which served as a direct proof of undoped shell deposition.

10.3. Spectroscopic measurements
Synthesized materials were investigated in order to check PA existence with use
of custom built system enabling a change of pump power density of excitation source.
Beside PA measurements, basic investigations were performed, namely absorption,

emission and excitation spectra as well as lifetimes were measured.
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10.3.1. Absorption spectra
Absorption spectra were measured using Cary 5000 UV-Vis-NIR Spectrophotometer
(Agilent Technologies). The colloidal nanocrystals were placed in a spectrophotometer

cuvette.

10.3.2. Excitation spectra, emission spectra and lifetimes
Excitation and emission spectra as well as lifetimes were collected with a FLS1000
(Edinburgh Instruments). Colloidal nanocrystals were placed in a spectrophotometer
cell. The amount of investigated samples was near the same. Measurement were

performed in a Stokes mode.

10.3.3. Optical avalanche characteristics
To experimentally check, if the synthesized materials exhibit PA photoluminescence,
a special, custom-built optical microscope system (Figure 12) was constructed in the our
group by Dr Eng. Marcin Szalkowski and M.Eng. Zuzanna Korczak, under supervision
of prof. A. Bednarkiewicz. Dr Eng. Marcin Szalkowski and M.Eng. Zuzanna Korczak have
performed most of the pump-power PA measurements presented here. The setup
allows measurements of the luminescence intensity in a function of pump power density
of excitation source as well as evaluation luminescence rise and decay times. Samples
doped with Pr3*and co-doped with Pr3*, Yb3* ions were excited with a single mode diode
(FPL852S — 852 nm, 350 mW, Butterfly Laser Diode, SM Fiber, FC/APC) generating
852 nm wavelength beam. The samples doped with Tm3* as well as co-doped with Tm3*
and Yb** ions were excited mainly by a single mode laser module (1064CHP, 3SP
Technologies) generating 1064 nm wavelength beam. Additionally, a part of these
samples was excited with 976 nm wavelength, which was provided by single mode fiber
coupled laser diode (BL976-SAG300). Nanocrystals singly Ho3" doped as well as
Yb3*, Ho3* co-doped were investigated under 808 nm (single mode laser module
LU0808M250), 852 nm, 976 nm and 1059 nm excitation, however this conditions were
not enough to observe PA emission. The power density of excitation laser
could be automatically and precisely regulated in the range from 102 to 10’ W/cm?
by neutral density filters (NDF1, NDF2). The power density value is controlled
by an optical power meter sensor (PM), to which a part of beam is directed by beam

splitter (BS). However, most of the light (90%) goes through the BS and with the help
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of specially selected dichroic mirror (DM1) is directed to the side port of the microscope,
where enters the objective lens and is focused on a sample. Afterwards, the emission
is collected back by the same objective lens. Then, the emission beam is transmitted
by the DM and goes through the set of two filter wheels utilized to limit the intensity
of signal. There are two detecting modules in the setup, where emitting beam is directed
by the flipped mirror (FM). One of these modules enables measurements of emission
spectra and the second constructed with two photomultipliers (PMT1, PMT2) is adapted

for collect emission beam luminescence intensity in a function of excitation beam power

density.

ccy

Figure 12. Home-built microscopic setup used for measurements of luminescence intensity in a function
of excitation source pump power density as well as luminescence rise- / decay- times.
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11. Theoretical ESA absorption spectra calculations

Because we do not have the tools to measure ESA spectra, the only way to identify the
excitation wavelength appropriate for PA is by simulating the ESA spectrum. To calculate
theoretical absorption spectra for selected transitions from starting (X) to ending (Y)
energy level it is important to know Stark components of these levels. The number
of Stark components of X and Y levels is necessary to count number of possible
transitions between these levels (symbol a in the Equation 8). Afterwards, based
on energies of X and Y levels Stark components, energies of particular transitions are
calculated and finally average energy of the transition (%) is achieved. In a present work,
the theoretical absorption spectra were calculated for 3F;—3F, and 3F;—3F3 ESA
transitions. The oscillator strength of corresponding radiative transition is calculated

according to the equation:

Aij = Bimaae - |[<AfalSL]JIIUD| 41 a[S'L'] )’ >|2 Equation 7

where (2 is a Judd-Ofelt parameter depending on the matrix and includes the influence

of crystal field on electronic transitions in a given material. The {2 values used for present

calculations are presented in the Table 2.

Table 2. The values of Q parameter for particular matrices.

12, 2 26
Matrix Reference
(- 1072%cm?) (- 1072%cm?) (- 1072%cm?)

LiYF4 2.43 1.08 0.67 [174]
LiLuF, 2.12 1.17 1.11 [175]
KYsF1o 1.907 1.531 1.465 [176]
YAIO; 0.67 2.3 0.74 [174]
Y;Als01, 0.7 1.2 0.5 [174]
YVO, 13 6 0.082 [174]
GdVO, 8.13 1.45 1.35 [177]
LuVO, 8.44 1.82 1.78 [177]
KGd(WOa), 2.64 5.84 14 [178]
KYb(WO4), 0.14 0.21 0.1 [178]
KLu(WOa), 9.01 1.36 1.43 [179]
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Parameter U is strictly connected with a specific ion and is constant for particular
transition. The U parameters adopted for these calculations are presented in the

Table 3.

Table 3. Squared Reduced-Matrix Elements [<4f**a[SL] JIJU® ||4f*a[S'L'] J'>|? parameters for Tm>* ion
for transition from level start J to level end J'.

Transition ] - J' t=2 =4 t= Reference
3F,>3F, 0.287 0.163 0.074 [174]
3k, 0.081 0.344 0.264 [174]

Spectral range to calculate absorption spectra was chosen based on the wavelength
of corresponding transitions. For all wavelengths from the chosen range, absorption
cross section (A.s) for each corresponding Stark transitions was calculated according

to the Equation 8:

(nz+2)2 2me?
S RA
Iin 3hc J F
a-m

(A=2q)?+F?2

Aacs = Equation 8

where:

n —refractive index of the matrix,

e — elementary charge; e = 1.60218 = 107 1° C,

h — Planck constant; h = 6.63 - 10727 + ,

cmé:-s
cm

c — speed of the light;c = 3-101° —~

F — Lorentz force; F = 1.8,
A — specific wavelength of spectral range,

Aq — particular wavelengths between Stark components.

Absorption cross section for particular wavelengths from spectral range is a sum

of Aa., calculated for all A,:

Aes = 23?1( Aa Equation 9
where a corresponds number of particular transition between the Stark levels

of JandJ'.
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Table 4. Refractive indexes used in calculations of theoretical absorption spectra.

Matrix Refractive index Source
LiYF4 1.4445 [180]
LiLuFs 1.464 [181]
KYsF1o 1.49 [182]
YAIOs; 1.96 [183]
Y3Als012 1.8328 [180]
YVOq 1.99822 [184]
GdVOs 2.01234 [184]
LuVO, 2.03486 [184]
KGd(WOa), 2.01348 [185]
KYb(WO.), 3.28412 [186]
KLu(WOa), 2.113 [187]
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12. Calculations of S and PATH values

Because of highly non-linear dependencies observed in PA materials, manual
determination basic properties of the this phenomena is highly susceptible to errors
originating from the operator and chosen data range, which motivated us to develop
user independent algorithm to derive S and Day. The code was written by my Supervisor
prof. Artur Bednarkiewicz and is available in our web repository
(https://github.com/LuNASlanalysis/Photon-Avalanche-PA-). The algorithm fits the
linear function, point by point, to the logarithm from the raw data (what is the analogous
to fitting the exponential function to raw data). Fit, for each of the points, covers the
maximal range of the surrounding data which fulfils the given certainty. Due to the
influence of noise on the determined S values was limited. As the presented
S parameters were chosen the highest slope values of analyzed dataset. The values
of PAty were determined as the power corresponding to cross-section point of the lines
tangent to logarithm of the raw data for pre-avalanche region and tangent to logarithm
of the raw data in the range of max S value. The measurements of s-shape curves were
performed a few (2-4) times and based on it, the average values of S, PAry and Day were

determined together with the standard deviation.
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13. Simulations of PA

Beside experimental measurements of PA in synthesized crystals, theoretical
calculations were performed in order to understand the contribution and mechanism
standing behind this phenomenon. At the beginning were defined energy diagrams
for the investigated ions. The diagrams include possible energy transitions under fixed
excitation conditions. For as prepared diagrams, were developed differential rate
equations (DRE), where particular equations corresponded to variation in populations
of individual level over time, including average income and outcome rates of electrons
number from these levels. In the present dissertation the proper DRE are presented
in a chapter Results and discussion. However, the following exemplary energy diagram
(Figure 13) with DRE Equations 10-13 are mentioned here to explain

the DRE preparation procedure.

'y level (4)

3 1 level (3)
=
A

8 1 level (2)
Q
c
(NN

®
A 4 level (1)

lon 1 lon 2

Figure 13. Exemplary energy diagram illustrations energy transfers between two ions under wavelength
excitation matched ESA and off-resonant with GSA. This diagram was used to write DRE (Equations 10-13)
aiming to explain description of particular processes.

an, NG

& = ~F 06sa - N(1) =WCR-N(1) - N(3) + > Equation 10

2 = F 0554 N(1) = F - 054 - N(2) + 2- WCR - N(1) - N(3)  Equation 11
ZL=WNR-N(4) - WCR - N(1) - N(3) — %3) Equation 12

% =F - 0z5, - N(2) = WNR - N(4) Equation 13
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The values N (x) indicate respective levels populations. F corresponds a photoexcitation

flux and was calculated using following formula:

I Ip*A
F=2=2 Equation 14
E hx*c

where Ip is a pump power density [cmﬂz] A indicates an excitation wavelength,
h is a Plank constant (6.626 10734 ] -s), and c signify a speed of light in vacuum
(299792458 ?). To describe particular processes, appropriate values of rates were

used. Depending on whether a process leads to population or depopulation of a given
level, it is recorded with a plus or minus, respectively. The absorptions from ground and
excited state are described by absorption cross sections values: o554 and oOggy,
respectively, times flux and population of appropriate level (Equations 10, 11, 12).
Emission is described as population of emitting level split into lifetime, 7, of this level
(Equations 10, 12). The rate of CR was quantified here as Wcr term and has to be
multiplied by populations of the two levels between which occurs (Equations 10, 11,
12). Last energy transfer considered here is a nonradiative transition occurring for small
energy gaps. Wnr indicated rate of this process and is multiplied by population

of appropriate level (Equation 12, 13).
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IV. Results and discussion

14. PA in Tm3* doped LiYF, crystals

PA at nanoscale first was observed in nanocrystals doped with Tm3* ions [24]. However
the influence of host matrix size on PA features have not been investigated earlier.
Therefore, investigations aiming to check, how materials size influence the PA features
were performed as a part of present dissertation. The results are described in the
present chapter and have been published in the article “Size Dependent Photon

Avalanching in Tm3* doped LiYF4 Nano, Micro, and Bulk Crystals” [50].

14.1. Materials
Because we own a bulk LiYFs doped with 3% of Tm3*ions avalanching crystal (bAC),
which was earlier reported as showing PA emission [188], a materials at smaller scales
of the same structure and doping composition, namely avalanching LiYF4 microparticles
(LAC) as well as avalanching LiYF4 core nanoparticles (cCANP) and LiYF4 core-shell
avalanching nanoparticles (csANP) were synthesized. The optimal concentration of Tm3*
ions for PA was established as 8% [24]. Therefore, even though we did not have our own
bulk crystal the LiYF4:8% Tm3* uAC, cANP and csANP were synthesized. The majority
of LiYF4 crystals were synthesized by Dr Matgorzata Misiak. A morphology characteristic
of all synthesized materials was prepared. The samples shown pure tetragonal LiYFa

crystallographic phase (Figure 14 a,b).
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Figure 14. XRD pattern of LiYF4 crystals with XRD patterns of synthesized materials doped with (a) 3% and
(b) 8% of Tm3* ions. Based on [50].
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The TEM images of synthesized cANP and csANP were prepared and are presented
in the Figure 15 a, b and e, f for 3% and 8% doping of Tm3* ions, respectively. Scanning
Electron Microscopy (SEM) images of UAP are presented in the Figure 15 ¢, g. LiYF4 single
crystal is presented in the Figure 15 d and is around 3 mm large. The cANP, csANP
and PAP show narrow size distributions. Dimensions of all the materials are presented
in the Table 5. The cANP doped with 3% of Tm3* ions have around 24.6 nm in width
and 41.9 nm in length. Their core-shell counterparts have around 30.8 nm and 49.5 nm
in width and length, respectively. The cANP doped with 8% of Tm3* ions have average
23.4 nm in width and 37.9 nm in length. After shell deposition the csANP have 30.8 nm
and 42.7 nm in width and length, respectively. Shell thicknesses were calculated
in an indirectly way based on average cANP and csANP dimensions and for 3% Tm3*
doped csANP total 3.1 nm and 3.8 nm in width and length, respectively. For 8% Tm?3*

doped csANP shell was 2 nm in long and 2.4 nm in a short dimension.

i
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Figure 15. Size comparison of investigated LiYFa4 crystals: TEM pictures of cANP (a),(e) and csANP (b),(f)
doped with 3% and 8% of Tm>* ions, respectively; SEM of 3% (c) and 8% (g) Tm3* doped uAP; bAC (d).
Based on [50].
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Table 5. Average dimensions for Tm3* doped cANP, csANP , UAP and bAC.

3% Tm3* 8% Tm?3*
Sample Dimension Shell Shell Units
Size Size
thickness thickness

cANP Short 246+1.1 234+1.6 [nm]
Long 41923 37.9+1.8 [nm]

csANP Short 30.8+2.0 3.1 274+1.8 2.0 [nm]
Long 49.5+2.2 3.8 42.7+2.7 2.4 [nm]

UAP Short 39.31+4.0 23.2+1.6 [nm]
Long 60.8£6.3 36.1+1.9 [nm]

bAC =3 [mm]

14.2. Results
All the mentioned materials were investigated under 1064 nm wavelength excitation
beam generated by single mode laser module, which is resonant with 3Fs—3F,3 ESA
and simultaneously far from the resonance with GSA of Tm3* ions. While measurement
of ground state absorption spectra is possible with commercial instruments,
measurement of absorption from excited state presents a serious challenge. To estimate
the absorption cross-section for ESA of Tm3*, | have calculated the theoretical absorption
spectra for Tm3* ion. Depending on a matrix, absorption cross section at particular
wavelength can differ. For the purpose of our investigations published in the mentioned
article, | have calculated the absorption spectra for LiYF4 crystal. Moreover, | have been
prepared calculations of absorption spectra for other matrices doped with Tm3* ions.
The calculations can be future necessary do predict appropriate conditions to obtain

PA in other materials.

The resulted theoretical absorption spectra for LiYF4 matrix matrices, for both 3Fs—3F;
and 3F;—3F3 ESA transitions, are presented in the Figure 16 a and b, respectively.
Based on as prepared theoretical absorption spectra as well as cross section of GSA
(8.09 - 107%* cm?) calculated in a similar way, the B parameters (Equation 5)
for 1064 nm excitation wavelength were estimated and total 265.65 and 3.35

for 3F4—3F; and 3F4—3Fs transitions, respectively.
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(a) Wavelength [nm] (b) Wavelength [nm]
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Figure 16. Theoretical excited state absorption spectra calculated for Tm>* ions in LiYFs matrix
for (a) 3F4—3F2 and (b) 3F4—3Fs transition.

The remaining theoretical absorption spectra calculated for the other matrices for both

3F,—3F; and 3F4—3F3 ESA transitions are presented in the Figure 17a and b, respectively.
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Figure 17. Theoretical excited state absorption spectra calculated for Tm3* ions in different matrices for
(a) 3F4—3F2and (b) 3Fs—°3Fs transition.

The optical properties of all the materials were investigated by Dr Eng. Marcin
Szalkowski and M. Eng. Zuzanna Korczak, often with my assistance, using the same
custom-developed optical setup and methodology. Colloidal nanoparticles were drop-
casted on a glass slide and measured after evaporation of the medium. The samples
were measured in 10 different places and the signal was averaged. Micro sized
avalanching particles were measured as individual microparticles. The position of the
sample relative to the beam was optimized each time individually by the highest signal
intensity at fixed photoexcitation intensity. Successfully, the PA emissions features were
observed for all the investigated materials at 800 nm (3Hs—3Hsg) and 475 nm (*G4—3He),
while the emission at 475 nm was significantly weaker than 800 nm emission. The

1064 nm wavelength matches the 3F4—3F, ESA transition. After population of 3F; energy
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level, follows the non-radiative relaxation to lower 3Ha energy state. Then, the energy
can be emitted to the ground state (800 nm) or populated 3Hs will became a starting
level for ESA of 1064 nm, what leads to populate the G4 energy level, from which the
475 nm emission occurs. Higher intensity of 800 nm emission indicates, that the
emission of energy by 3Hs level is more probable than ESA absorption from this level,
however both exists. The presented PA emissions were characterized by S, PAry, Dav
as well as the tsoy parameter (Figure 18 and Figure 19). Considering the s-shape lines
(first rows in the Figure 18 and Figure 19), one can see, that lower PA7y values for
8% of Tm3* were observed for uAP than for nanoparticles and for the lower 3% Tm3*
doped materials, the lowest threshold values were observed also for the biggest host
crystal - bAC. For set of LiYF4 crystals doped with 3% of Tm3* ions, WAP shown threshold
higher than bAC, however the values were still lower than for cANP and csANP. It can
be partially caused by the geometric relation between the focused spot of the laser
beam and the material of a given size. For both 3% and 8% of Tm3* ions doped crystals,
csANP shown lower PAy than their corresponding cANP, what indicated the protective
role of the inert shell, which insulated the optically active ions from the chemical
environment influence. However, the differences in PAty values are not so big, especially
for 3%Tm3* doped crystals. Let's consider the ET process to the surface in two regimes
of power densities, namely before PAry and at the PAmy. Below the PA threshold,
the probability of ET is higher than for the increased power densities, because in the
latter case most of the ions are in the same energy state, making ET impossible. Thus,
energy migration to surface quenchers is impeded. For this reason, the passive coating
does not have a significant effect on the observed PAr, but quenching of ions near the
surface should be expected. Increasing the concentration of optically active ions should
contribute to the probability of ET, and thus the probability of energy migration to the
surface is still high. So, in this case, the role of the passive shell is more significant, thus
the difference between PAry of cANP and csANP doped with 8% Tm?3* ions is bigger than
for doped with 3% of Tm3*ions (first row Figure 18 and Figure 19). In an analogous way,
considering the value of the slope, the role of the inert shell is greater for nanocrystals
doped with 8% Tm?3* ions for which the slope of the s-shape curve derived from csANP

is 12.0 and for cANP is 8.4, while the slope of cANP and csANP samples for doping with
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3% Tm3* does not change significantly. Although the passive coating does not
significantly change PAmy, S or Day for nanocrystals doped with 3% Tm3* ions, it does
improve the luminescence brightness about tenfold over that of csANP. In addition,
about eight times longer rise times are observed for csANP than for cANP. The increase
in nonlinearity and decrease in PAts in the 8% Tm3* doped sample are more significant
than for 3%Tm3*, suggesting that these effects are rather due to concentration

of optically active ions than of inert shell presence.
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Figure 18. Pump power dependent photon avalanche luminescence of Tm3* at 800 nm — characteristics
for nano, micro and bulk PA crystals doped with a) 8% and b) 3% Tm>* ions. Pump power dependent
comparison of: row 1 — PA emission intensity, row 2 — PA slopes, row 3 — PA gains and row 4 — 50%
risetimes. Based on [50].
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Figure 19. Characteristics of PA emission at 475 nm (1064 nm excitation) of: bulk crystals (green),
microcrystals (blue), core nanocrystals (gray), and core-shell nanocrystals (red) for the LiYFs materials
doped with 3% (right column) and 8% (left column) of Tm3* ions. The slopes (S), gains (Dav) as well as
risetimes (tso%) were calculated automatically with use of a home developed software. Based on [50].

In order to understand the role of particular energy transfer processes leading to the
observation of the PA emission in Tm3* ions, theoretical DRE simulations were
performed. | have participated in part of these simulations learning the way
of calculations, however the presented here results were prepared by my supervisor
prof. Artur Bednarkiewicz. At the beginning there was prepared the energy diagram
of Tm3* ions with energy transitions leading to observe the 800 nm PA emission.
The Az and Az processes indicate the radiative rates of emissions from 3Hs and 3Hg energy
levels, respectively. The ks and kz are connected with the non-radiative emission rates
of these levels. The factors fesa and fcr are connected with rated of ESA and CR and
enable modulations of these energy transfers depending on experimental conditions.
Then, particular energy levels (black levels in the Figure 20) of the diagram were
described by DRE and resolved in Matlab. As prepared phenomenological model enables
to verify, how individual parameters influence the PA features. Hence, it is possible

to change particular parameters, while the other remain constant, and monitoring the
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changes of s-shape curve S and PAmi. The results of these calculation are presented
in the Figure 20. Particular panels represent individual parameters, for example panels
b and c represent the changes of parameter A,. The panel b shows different s-shapes
corresponding modified values of parameter A;, which was increased and decreased
around their original value (A;=162 cm™). The S parameters were calculated for all these
s-shape curves and are presented below in the panel c. Each parameter is represented
by different colors, with saturated shades representing higher values of a parameter,
while lighter shades are associated with lower values. The black s-shape curves
represent results obtained for pristine values. What is important, the energy transfer
values A, As, ki, ks, fesa and fcr can be directly related to the features of materials.
The A; and As parameters are calculated as an inverse of radiative lifetime
of corresponding levels, which are influenced by crystal field of matrix. The crystal field
can also influence the incompatibility of energy, because the strong crystal field increase
the splitting of Stark levels. The k; and ks parameters are connected with non-radiative
multiphonon relaxation, which are more probable in higher temperatures. Matrices with
high phonon energies will promote the non-radiative processes. The k. and ks
parameters are also connected with the surface to volume ratio. The value fesa is related
with the matching of excitation wavelength to the energy break. In other words, fesa
mirrors, how the excitation laser matches the ESA absorption spectra.
The cross-relaxation factors are connected with distances between luminescence
centers, so with the concentration of doping ions and suggest, that the relatively high

optically active ions concentration is required to observe the PA phenomenon.
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Figure 20. a) Energy diagram of Tm3* ions with transitions leading to obtain PA emission, absorption
spectra of Tm3* in LiYFa: left — measured ground state absorption spectra, right — calculated excited state
absorption spectra. Bottom: Power dependent simulated behavior of PA emission — [middle row: (b), (d),
(f), (h), (j), ()] PA emission intensity and [bottom row: (c), (e), (g), (i), (k), (m)] PA slopes in response
to changes of phenomenological parameters: Az = 250, 200, 150, 100, 50, 20 s™1, Az = 1000, 500, 250, 100,
50,255, fesn=5,2,1,0.5,0.2, 0.1, 0.05, 0.02, 0.01; k2 = 1000, 500, 250, 100, 50, 25 s, ks = 2000, 1000,
500, 250, 50, 25 s and fer = 0.5, 0.2, 0.1, 0.05, 0.02, 0.01. Individual parameters were varied one
at a time, while the other were fixed. More saturated color indicates higher values. Black dotted lines
correspond experimental data obtained for 8% Tm>*-doped NaYFs@NaYFs colloidal nanocrystals at RT.
Based on [50].

Although | did not perform sub-diffraction imaging by myself, the sample used to verify
the feasibility of obtaining PASSI imaging below the diffraction limit
(i.e. LiYFa: 3% Tm3 @ NaYFs) was synthesized and analyzed by me.
Practical demonstration of ANP applications, such as sub-diffraction imaging was
prepared in collaboration with M. Kopernik UMK University (Dr D. Pigtkowski,
prof. S. Macékowski). One can note a pump power dependent (Figure 21 a-c) PASSI
images of an individual ANP, which follow the prediction from [68]. The cross sections
of the images along the dashed lines (Figure 21 a-c) are presented in panel d. From these
cross-sections, full width at half maximum (FWHM) values were derived to demonstrate

below the diffraction limit capabilities.
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Figure 21. PASSI imaging demonstrations on single LiYFs: 3% Tm3 @ NaYFs nanocrystal at various
pumping powers. a—c) presents PASSI maps for different pumping intensities, d) PA emission cross sections
for particular power densities, e) values of FWHM (left axis) and S (right axis) corresponding
to the cross-sections and f) demonstration of the imaged spot FWHM changes with varying S (left axis)
and the resolution enhancement (right axis). Based on [50].

14.3. Conclusions
In summary, the presented investigations allow to understand the relationship between
the material size and PA emission features. The two set of materials were prepared and
characterized. Firstly, the series of LiYF4 crystals doped with 3% of Tm3*ions, namely
bulk crystal, microcrystals as well as core and core-shell nanocrystals were prepared.
Secondly, the set of LiYFs4 crystals doped with 8% of Tm3* was synthesized and was
composed of microcrystals as well as core and core-shell nanocrystals. Unfortunately,
we did not have a bulk crystal of the same composition, however it was interesting
to investigate crystals with this doping, because the 8% Tm?3* concentration was found
as an optimal for PA [24]. All investigated material successfully shown the PA emissions
at 475 nm and 800 nm under an excitation with matches ESA 1064 nm wavelength.
The photoluminescence show high nonlinearity with slopes from 6 to 12. The risetimes
slowdown dependent on pump power density was observed. The PA features
of investigated materials, as S parameters, PAth, Dav and tso% values were compared.
Moreover, the theoretical simulations of PA in Tm3* doped system were performed

aiming to verify the influence of particular energy transfers of PA properties.
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15. PAin Pr3*and Yb3* co-doped B-NaYF4 nanocrystals

Results presented in the chapter describe experimental and theoretical investigations
on PA in Pr3*, Yb3* co-doped crystals and were published in the article: “Understanding
Yb3*-sensitized photon avalanche in Pr3* co-doped nanocrystals: modelling

and optimization” [189].

15.1. Materials
Two series of B-NaYF4 nanocrystals, first doped with Pr3* ions, second co-doped with Pr3*
and Yb3* ions, were synthesized aiming to verify the possibility to achieve PA emission.
All the nanoparticles were prepared in core and core-shell architecture by thermal
decomposition of lanthanide salts method. Spherical cores synthesis as well as
ellipsoidal shell deposition were performed by thermal decomposition of lanthanide
oleates. Spherical shells were overlaid by thermal decomposition of lanthanide
trifluoroacetates. The synthesis methods are described in details in the Experimental
section (Chapter 10.1). Future investigations leading to observe PA emission
in nanocrystals co-doped with Pr3* and Yb3* ions were an inspiration to check, if the
phenomenon exists, when these ions are placed in different crystals or in different
crystal layers. Samples synthesized for these investigations are described also in present

paragraph.

15.1.1. Singly Pr3* doped B-NaYF4 colloidal nanocrystals
The first series of nanoparticles consisted of B-NaYF4 nanocrystals singly doped with Pr3*
ions in a wide range concentrations, namely 0.1%, 0.5%, 1%, 3%, 5%, 8% of Pr3* ions.
Initially, the samples structure and morphology were characterized. To confirm the
crystallographic purity of synthesized materials, X-ray powder diffractions investigations
were performed and obtained diffractograms were compatible with the template
of B-NaYF4 phase (Figure 22). Sizes of the prepared nanocrystals were estimated based
on TEM pictures. Exemplary particular nanoparticles TEM images together with
an appropriate histograms including average dimensions of nanocrystals are presented
in the Figure 23. The core dimensions are in the range from 15.8 nm to 19.2 nm.
Shell deposition was indirectly evidenced relaying on the average dimensions of core

and corresponding core-shell nanocrystals. Most of core-shell prepared nanoparticles
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have ellipsoidal shape with length in the range from 23.6 nm to 31.3 nm and width
within 18.7 nm — 23.5 nm. Based on these dimensions, average shell thickness of the
presented nanocrystals is around 5 nm in length and below 2 nm in width. Specific shell
thickness values for appropriate samples have been provided in the Table 6.
One of prepared core-shell sample was synthesized with spherical shape.
This was done deliberately to subsequently compare this sample with an analogous one,
which has an additional 15% Yb3* in the core composition. In this case, smaller,
presumably undoped B-NaYFs nanoparticles crystallized alongside the larger core-shell
nanoparticles. Successfully applied shell has a thickness around 2.5 nm (Table 6).
Considering, that the thickness of presented later spherical core-shell nanocrystals
(Table 6) is around 4.2 nm, it can be evidenced, that part of shell material crystalized

as smaller, undoped B-NaYF4 nanocrystals.

NaYF,:0.1% Pr®*
A M a_ _NaYF,:0.1% Pr*@NaYF,
NaYF,:0.5% Pr®*
NaYF,:0.5% Pr¥*@NaYF,
NaYF,:1% Pr3*
A A a  NaYF,:1% Pr**@NaYF,
NaYF,:3% Pr®*
NaYF,:3% Pr¥*@NaYF,
NaYF,:5% Pr®*
NaYF,:5% Pr¥*@NaYF,
NaYF,:8% Pr®*
A M A . NaYF,:8% Pr¥*@NaYF,
, Template 51917-ICSD

20 40 60 80
20 [degree]

Normalized intensity [a.u.]

Figure 22. XRD for singly doped with 0.1%, 0.5%, 1%, 3%, 5% and 8% of Pr3* ions core and core-shell
B6-NaYF4 nanocrystals as well as the template of the 8-NaYFs structure.
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Figure 23. Morphology characteristics of 8-NaYFs nanocrystals singly doped with Pr3* ions: TEM images
as well as histograms presenting average sizes of the core and core-shell nanocrystals doped singly with
(a) 0.1%, (b) 0.5%, (c) 1% and (d) 3%, (e) 5% and (f) 8% of Pr3* ions.
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Table 6. Average dimensions and shell thicknesses of 8-NaYFs nanocrystals singly doped with Pr3* ions.

Average
Average Average Average shell | Average shell
core
Dopant: core-shell core-shell thickness in thickness in
diameter
width [nm] | length [nm] width [nm] length [nm]
[nm]
0.1% Pr3* 16.5+0.9 18.7+1.1 23.6x1.4 1.1+1.0 3.6+1.2
0.5% Pr3* 15.8+1.0 20.8+0.8 2.5£0.9
1% Pr3* 19.2+1.2 22.5t14 29.9+1.5 1.7+1.3 5.4+1.4
3% Pr¥* 17.7+1.2 20.3t14 26.8+1.2 1.3+1.3 4.611.2
5% Pr3* 18.9+0.9 23.5¢1.5 31.3£1.2 2.3+1.2 6.2+1.1
8% Pr3* 19.2+0.9 23.5¢1.1 29.3114 2.2+1.0 5.1+1.2

15.1.2. x% Pr3* and 15% Yb3* co-doped B-NaYF colloidal nanocrystals
Beside singly Pr3* ions doped, x% Pr3* (x=0.1%, 0.3%, 0.5% and 0.7%) and 15% Yb3* ions
co-doped B-NaYFs nanocrystals were synthesized. The idea was inspired by earlier
publication on MPA phenomenon observed in Pr3* and Yb3* co-doped nanocrystals [70].
Here, all the samples were synthesized in the core and core-shell architecture by thermal
decomposition of lanthanide salts. The amount of Yb3* ions was constant at 15% with
a variable, wider range of Pr3* ions concentration, namely 0.1%, 0.3%, 0.5% or 0.7%.
Morphology and structural characteristics of synthesized materials was performed.
All Pr3* and Yb3* co-doped nanocrystals have been crystallized in a pure hexagonal
B-NaYF4 phase (Figure 24). Exemplary TEM images are presented in the Figure 25 panels
a,d, g jandb, e, h, k for the core and core-shells, respectively. Histograms with average
dimensions of nanocrystals were prepared based on appropriate TEM images and are
presented in the Figure 25 panels ¢, f, | and |. Cores diameter is average around 20 nm
and core-shells dimension is around 28 nm. Relaying on average nanocrystals
dimension, thickness of shell was estimated to be above 4 nm. Specific dimensions are
placed in the Table 7. The shell deposition was additionally directly
evidenced by exemplary EDS map and profile of Yb3 and Y3* ions for
NaYFs: 0.5% Pr3*, 15%Yb3*@NaYF, nanocrystal (Figure 26 a, b). As expected, Yb3* ions

are placed only in core, while Y3* are present both in core and core-shell parts.
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Figure 24. XRD for core and core-shell 8-NaYFs nanocrystals co-doped with x% Pr3* and 15% Yb>* ions

as well as the template of the B-NaYFs structure.
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Figure 25. Characteristic of 8-NaYF4 nanocrystals co-doped with Pr’* and Yb3* ions: TEM pictures of core
nanoparticles (a, d, g, j); TEM of core-shell nanocrystals (b, e, h, k); Histograms presenting average sizes
of core and core-shell nanocrystals (c, f, i, l).
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Figure 26. (a) EDS map and (b) EDS profile of Yb** and Y3* ions in NaYFa: 0.5% Pr3*, 15%Yb** @ NaYFa
nanocrystal.

Table 7. Average dimensions and shell thicknesses of 8-NaYF4 nanocrystals co-doped with Pr’* and Yb**
ions. Based on [189].

Average core Average core-shell Average shell
Dopant:
diameter [nm] diameter [nm] thickness [nm]
0.1% Pr3* 20.1+1.3 28.1+1.4 4.0+1.4
't’_Q 0.3% Pr3* 20.2+1.0 27.7+1.6 3.8%1.3
>
3\: 0.5% Pr3* 20.34+0.81 30.9+1.2 5.3%1.0
—
0.7% Pr3* 17.67+0.73 25.3%1.0 3.840.9

The impact of Pr3* ions concentration as well as architecture of prepared nanocrystals

on PA was investigated.

15.1.3. NaYbF4 and B-NaYF4 crystals
After successful observation of PA in nanocrystals co-doped with Yb3* ions and a small
amount of Pr3*ions, the idea was born, whether it would be possible to observe PA when
Pr3* and Yb3* ions are placed in separate crystals or separate layers of crystals.
Such results would evidence of energy transfer between separate crystals or layers
of nanoparticles. One idea was to mix the NaYbF, crystals with NaYF4:0.5%Pr3* particles.
Therefore these samples were synthesized. The core NaYF4:0.5% Pr3* nanocrystals were
prepared by standard thermal decomposition method described in the Chapter 10.1.
To obtain the NaYbF4 crystals (Figure 27), the thermal decomposition of lanthanide salts

synthesis method was optimized and finally, crystallographic pure phase was obtained
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when the solvents ODE and OA were in the volume ratio 2:1 and the synthesis

temperature was 320°C. The obtained crystals were relatively large, around 340 nm.

(d) I size of NaYbF, crystals
342.9+38

(a) NaYbF,

| P RV
Digitalized template of NaYbF,
JCPDS No. 27-1427

‘Il‘l |A I

20 40 60 80 ' 200 240 280 320 360 400 440
[°2Theta] Size [nm]

Figure 27. Characteristics of NaYbFs crystals: (a) XRD of NaYbFa crystal phase (template) and for
synthesized sample; (b),(c) TEM images; (d) Histogram with average particles sizes.

The second idea was to investigate, if PA is possible to observe, when the Pr3* and Yb3*
ions are placed in separate crystal layers, therefore the following sample
NaYF:40%Yb>*@ NaYF1:0.5%Pr3*@NaYFs was synthesized. This sample was synthesized
in three steps, namely first was synthesized the core as NaYF4:40%Yb3*, then core@shell
sample as NaYF4:40%Yb3*@ NaYF4:0.5%Pr3* and finally the inert shell layer was applied
to obtain the NaYFs:40%Yb3*@ NaYF1:0.5%Pr3*@NaYFs nanocrystals. After particular
steps, the crystallographic structure was investigated by XRD (Figure 28) and TEM
images were prepared (Figure 29). Increase of particle size is an evidence of depose

the shell on previous core (Figure 29).

NaYF,: 40% Yb**
NaYF,: 40% Yb**@NaYF,:0.5% Pr®*

NaYF,: 40% Yb* @NaYF,:0.5% Pr¥*@NaYF,

Template 51917-ICSD

a u 1 1 ll lll Adaa Aa A "\

20 40 60 80
[°2Theta]

Figure 28. XRD of B-NaYF structure (template) and of NaYF4:40%Yb*, NaYF4:40%Yb>* @ NaYF4:0.5%Pr**
and NaYF4:40%Yb>* @ NaYF4:0.5%Pr3* @NaYFs crystals.
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Figure 29. TEM images of: (a,b) NaYFs:40%Yb*, (c,d) NaYFs:40%Yb**@ NaYF4+:0.5%Pr* and (e,f)
NaYF2:40%Yb>* @ NaYF+:0.5%Pr*@NaYFs crystals as well as (g) corresponding histograms with average
particles sizes.

15.2. Spectroscopic results
For synthesized nanocrystals mentioned in the paragraphs 11.1.1. and 11.1.2.
was prepared spectroscopy characteristics, including measurements of absorption,
excitation and emission spectra as well as lifetimes. Afterwards, all materials were
investigated in order to check PA existence under 852 nm excitation wavelength using

special, custom built setup.

15.2.1. Basic spectroscopy measurements
Absorption spectra of all the synthesized samples were measured (Figure 30 a, b).
In Pr3*and Yb3* co-doped nanocrystals concentration of Yb3* ions was constant, namely
15%. It is confirmed by similar absorbance at 980 nm, the peak corresponding Yb3* ions
2Fs/,—2F7/2 absorption, for all samples (Figure 30 a). Absorbance at wavelengths
corresponding Pr3*ions is different for all samples and obviously increases with Pr3* ions
amount (Inserts in the Figure 30 a, b). To choose the most appropriate wavelength
to excite the samples in a Stokes mode, excitation spectra were measured
(Figure 30 ¢, d). Monitoring emission at 980 nm and 607 nm, for co-doped with Pr3*, Yb3*
ions and singly Pr3* doped samples, respectively, the most appropriate for excitation
turned to be 444 nm wavelength for which luminescence was the most intensive.
A surface area under the peak 444 nm was calculated (inserts in the Figure 30 c, d).
For core-shell co-doped samples, intensity decreases with Pr3* ions concentration,
but in the case of cores firstly increases (from 0.1% to 0.3% of Pr3*) and then decreases

(Figure 30 c). It probably means, that higher amount of Pr3* causes more efficient energy
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transfer to Yb3* ions instead of emission. For singly Pr3* doped nanocrystals firstly,
intensity increases with Pr3* ions concentration, from 0.1% to 3%, and successively
decreases, from 3% to 8% of Pr3* ions (Figure 30 d). The decrease is probably connected
with concentration quenching effect, which take a place for high concentration
of dopant. Emissions spectra were measured under excitation with 444 nm and
are presented in the Figure 30 e and f. The most intense emissions were observed
at 482 nm (3Po—3Hi) and 607 nm (3Po—3Hs). For Pr3* and Yb3* co-doped samples
luminescence intensity increases with Pr3* ions concentration, what is intuitive (insert in
the Figure 30 f). Core-shell nanocrystals show higher intensity of luminescence
as compared to the core only samples (insert in the Figure 30 e), what indicates
protective role of inert shell. In the case of singly Pr3* ions doped samples the
luminescence intensity initially increases and subsequently, for higher Pr3* ions

concentrations, decreases, what confirms the concentration quenching effect.
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Figure 30. Spectroscopic measurements for 8-NaYFs nanocrystals: Absorption and scattering spectra
of B-NaYFs nanocrystals: (a) cores and core-shells co-doped with Pr’* and Yb3* ions (b) core-shells doped
with Pr3* ions; Excitation spectra for (c) cores and core-shells co-doped with Pr3* and Yb* ions monitoring

emission at 980 nm (d) core-shells doped with Pr3* jons monitoring emission at 607 nm; Emission spectra
under excitation with 444 nm for (e) cores and core-shells co-doped with Pr’* and Yb3* ions (f) core-shells
doped with Pr’* ions. Inserted plots: in absorption and scattering spectra (a) and (b) present integral area

under the peak at 444 nm; in excitation spectra show changes of the integral area under the peak

at 444 nm with concentration of Pr’* ions for (c) core and core-shell samples co-doped with Pr3*, Yb** ions

(d) core-shell singly Pr3* doped nanocrystals; in emission spectra show changes of the integral area under

the peak at 482 nm with concentration of Pr3* ions for (e) core and core-shell samples co-doped
with Pr3*, Yb3* ions (f) core-shell singly Pr’* doped nanocrystals.
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15.2.2. Anti-Stokes emission

For investigations in terms of PA existence, the 852 nm wavelength was chosen
as an excitation one. This wavelength is resonant with ESA in Pr3 ions
and simultaneously far from resonance with GSA in these ions, which is a one of the key
conditions for PA existence. Firstly, core-shell B-NaYF4 singly Pr3* doped nanocrystals
were investigated, however any emission was observed Figure 31 a. In contrast, samples
co-doped with x% Pr3* (x=0.1, 0.3, 0.5, 0.7) and 15% Yb3* ions, both in core
and core-shell architecture, successfully shown multicolor emission in a visible range
(Figure 31 b, c). Comparing luminescence intensity of core (Figure 31 b) and core-shell
(Figure 31 c) nanocrystals one can see, that core-shells show higher luminescence
intensity. Quantitative comparison of the intensity of emission spectra may be subject
to error, because the concentration of measured nanocrystals were not exactly the
same in all case, but explicit difference in all core and appropriate core-shell samples
indicates key role of inert shell, which protects optically active ions from environment
influence. The appropriate transitions were assigned to emissions bands:
3p;—>3H4 (468 nm), 3Po—3Hs (482 nm), 3P1—3Hs (522 nm), 3Po—3Hs (538 nm),
P1-°Hs (583 nm), Po—*Hg (607 nm), *Po—F2 (641 nm), 3P1—Fs (672 nm),
3P1-3F4 (693 nm) and 3Po—3F4 (720 nm) Figure 31 c.
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Figure 31. Anti-Stokes emission spectra of 8-NaYFsnanocrystals (a) core-shells singly doped with Pr3*ions,
(b) cores co-doped with x% Pr¥*, 15% Yb%, (c) x% Pr*, 15% Yb** co-doped cores with passive shell,
with assigned transitions. Presented emission spectra were measured under 852 nm excitation
(1.5 MW/cm?) at RT. Based on [189].

In the literature the assignment of emission bands in the range 580-620 nm is presented
differently. Some sources assigned the emissions in the range 580-620 nm as coming

from 3Po12 and the other from D, [27], [70], [91], [190]-[192]. The present
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investigations have led to correctly attribute the emission at 607 nm to the 3Po—3Hs
transition. The energy gap between levels 3Pg and D2 is 3850 cm™. Pr3* ions effectively
absorb the energy around 444 nm, what leads to 3Hs—3Po1, transition, therefore
overcoming of mentioned energy gap by multi-phonon relaxation will be necessary
to observe emission from !D; level. However, in low phonon energy matrices, as B-NaYFa
fluorides with 350 cm™ phonon energy, a significant (here 11) amount of phonons would
be necessary to non-radiatively relax from 3Pgto !D; level. Therefore, the emission from
level 1Dy, in contrast to fluorides, is highly probable in other matrices, as oxides with
higher phonon energies [193], [194]. Moreover, the energy of 607 nm photon equals
16 475 cm™ and is closer to the 3Po— Hsg transition (16 400 cm™) than to the
1D,—3H4 (16 800 cm™) transition. The emission at 482 nm origins from the 3Py level,
therefore, to prove attribution of the 607 nm emission, the fluorescence lifetime decay
curves at these both emission wavelengths were measured for NaYFa: 15%Yb3*,
0.5%Pr¥*@ NaYFs nanocrystals. The research were conducted in a function
of temperature from around -200°C to 300°C. The fluorescence lifetime decay curves
of excited levels measured for both 482 nm and 607 nm were near the same
and measurement at RT is presented in the Figure 32. The excitation level lifetimes
measured at RT total 13.60 ps and 17.65 us for 607 nm and 482 nm, respectively.
Parameters of short and long components of fluorescence lifetime decay curves
in a function of temperature have similar trends for 482 nm and 607 nm (Figure 33).

Average fluorescence lifetimes were calculated according to the formula

_ A1t1+A2 tz

tavr = a1, Equation 15

and at RT amount to 17.65 us and 13.60 ps for 482 nm and 607 nm, respectively.
Fluorescence lifetime decay curves measurements confirmed the validity

of the attribution of the emission at 607 nm.
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Fluorescence lifetime decay curves
for NaYF,: 0.5% Pr®*, 15% Yb*" @ NaYF,
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Figure 32. Fluorescence lifetime decay curves of NaYF4:0.5 % Pr**, 15% Yb3* @ NaYFa nanocrystals
measured at 482 nm (blue curve) and 607 nm (orange curve) under 444 nm excitation wavelength at RT.

Based on [189].
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Figure 33. Parameters of short and long components of fluorescence lifetime decay curves

of NaYFs:0.5 % Pr¥*, 15% Yb* @ NaYFs nanocrystals measured at wide range of temperatures
at (a-b) 482 nm and (c-d) 607 nm. Based on [189].
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Considering the obtained emission spectra of nanocrystals co-doped with Pr3* and Yb3*
ions, the most intensive peaks, namely at 482 nm and 607 nm corresponding the
3pg—3Hs and 3Po—3Hs transitions, respectively, were chosen in order to check PA
existence. All Pr3* and Yb3* co-doped B-NaYF4 core and core-shell nanocrystals were
excited with 852 nm wavelength, which pump power density was increasing from
10* W/cm? to around 107 W/cm? with small step of pump power value
(between 1000 and 2000 W/cm? per step). PA features were successfully observed
for both emissions in all these samples. The dependences of photoluminescence
intensity of pump power density have a characteristic for PA s-shapes (Figure 34 a, b).
The curves were measured at least two times and average maximum slopes
and maximum thresholds were calculated (Figure 34 c-f Table 8). Higher S values,
namely 6-9 were obtained for core-shell samples comparing with only cores, where
the slopes were in the range 5-8. In the case of PArs, smaller values, indicating that PA
is easier to obtain, were noted for core-shells compare with cores. These results confirm,
that the inert shell, which protects optically active ions from the environment influence,
enhance PA process. S values increase with the Pr3* ions concentration up to 0.5%
and then decrease a bit. For core-shells nanoparticles PAry decrease with Pr3* ions
concentration up to 0.5% and then increase. In the case of cores, thresholds still
increase. The biggest slopes, namely 8.6 and 9 as well as the lowest PAmy values,
i.e. 286 kW/cm? and 281 kW/cm? for emissions at 607 nm and 482 nm, respectively,
were obtained for B-NaYF4 nanocrystals co-doped with 15% Yb3* and 0.5% Pr3* ions,
thus the optimal composition for PA was confirmed [70]. Considering, that Yb3* ions are
essential to obtain PA emission from Pr3*ions under 852 nm excitation, the process was

called as SPA.
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Figure 34. Spectroscopic PA characteristics of core and core-shell 8-NaYF4 nanocrystals co-doped with
15% Yb** and x% Pr** ions (x=0.1, 0.3, 0.5 or 0.7). PA features recorded for core (®) and core-shell (O)
nanoparticles top row: at 482 nm and bottom row: at 607 nm: (a),(b) pump-power dependence of PA
luminescence; (c),(d) Maximum values of S, which are a measure of nonlinearity of the PA process
(Equation 2); (e),(f) PAm pump powers in a function of concentration of Pr3* ions. (g),(h) Mean values
of Dav parameters indicating efficiency of PA process. Average values and standard deviations
for (c, d, e, f) were calculated based on a few (2-4) measurements of curve of intensity in a function
of pump power density. Based on [189].
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Table 8. Values of average maximum slopes and average thresholds with standard deviations of PA
emission at 482 nm and 607 nm of core-shell nanocrystals co-doped with 15% Yb3* and 0.1%, 0.3%,
0.5% or 0.7% of Pr’* ions. Based on [189].

Emission at 482 nm

Sample Average maximum S Average PA7y [kW/cm?]
NaYF4:0.1%Pr 5.09+0.14 523 +23
NaYF4:0.3%Pr 7.23+0.21 591 +37
NaYF4:0.5%Pr 7.97+£0.78 654 +218
NaYF4:0.7%Pr 83+1.1 817 + 130

NaYF4:0.1%Pr@NaYF, 6.59+0.20 315+ 64
NaYF4:0.3%Pr@NaYF, 8.20+0.40 284 £ 69
NaYF4:0.5%Pr@NaYF, 9.02+0.13 281.3+29
NaYF4:0.7%Pr@NaYF, 8.87+0.54 650 + 147

Sample Average maximum S Average PA7y [kW/cm?]
NaYF4:0.1%Pr 4.79+0.15 493.4+75
NaYF4:0.3%Pr 6.87 £0.33 533+75
NaYF4:0.5%Pr 8.40+0.47 579 +214
NaYF4:0.7%Pr 8.39+0.47 776 £ 183

NaYF4:0.1%Pr@NaYF, 6.22 +0.37 335142

NaYF4:0.3%Pr@NaYF, 8.06 £0.26 358 £ 185
NaYF4:0.5%Pr@NaYF, 8.60£0.14 285.6+6.1
NaYF4:0.7%Pr@NaYF, 8.56+0.21 629 + 123

The observation of avalanche emission in nanocrystals co-doped with Pr3* and Yb3* ions
became the inspiration to see if avalanche emission would be observed when
Pr3* and Yb3 ions were placed in separate crystals or in separate layers
of the nanocrystal. Such results would confirm energy transfer between separate
crystals or between adjacent layers of the nanocrystal. The materials described
in section 15.1.3 of this dissertation were used to carry out this research. Under 852 nm
excitation, NaYF4:40%Yb3*@NaYF4:0.5%Pr3*@NaYFs core-shell-shell nanocrystals
and also NaYbFs crystals mixed with NaYF4:0.5%Pr3* nanocrystals were studied.

Short-lived white emission visible to the naked eye was observed. However, until now,
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we had no control over which part of the sample we hit during the measurement,
because the manual microscope table, the only one available for these experiments,
did not allow for sufficient precision. Therefore, a thorough study, allowing precision

scanning of the sample, is planned.

15.2.3. PAin a function of temperature
The sample NaYFs: 0.5% Pr3*, 15% Yb3**@NaYF4 synthesized by me, which was found
as optimal for PA under 852 nm photoexcitation was studied in a function
of temperature and reported [25]. The morphology characterization was prepared

by me and is presented in the Figure 35.
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Figure 35. Core NaYF4:0.5%Pr**, 15%Yb** and core-shell NaYFs:0.5%Pr%*, 15%Yb**@NaYFs nanocrystals
characteristics. a) XRD patterns, b) histograms presenting materials sizes, c) core and e) core-shell
nanocrystals TEM image; d) core and f) core-shell nanocrystals high-resolution transmission electron
microscopy (HRTEM) images; g) EDS map and h) EDS profiles of Yb** and Y?* ions in the representative
core-shell nanocrystal [25].

Two emission bands of Pr3*, at 482 nm and 607 nm were measured versus pump power.
Aiming to verify the origin of emission at 607 nm | have performed luminescence
lifetimes measurements presented in the previous paragraph (Figure 32 and Figure 33).
The PA measurements in a function of temperature were conducted
by M. Eng. Zuzanna Korczak (Figure 36) and results obtained for emission at 607 nm

are presented here.
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Figure 36. Characteristics of the 607 nm photon avalanche emission in the core-shell NaYFs nanocrystals
co-doped with 0.5% Pr** and 15% Yb** under 852 nm photoexcitation. Panel a) presents photon avalanche
emission intensity pump power dependence at various temperatures, b) demonstrates the highest PA non-
linearities (Smax) derived by the algorithm described in ref.[50] (full circles) and manually (open circles);
c) presents maximal PA gain at the excitation intensity corresponding to highest non-linearity
(i.e. Dalexc@Sm4x)), d) demonstrates PA threshold in a function of temperature. All datasets on b-d) were
derived from the measurements of luminescence intensity in a power density function (a) [25].

The SPA emissions were evaluated at wide temperature range, namely
from -175°C to 175°C. This is a novel approach for luminescence thermometry, were
thermometric parameter is defined as the PAt4. With increase of the temperature, the
PAry gradually shifted from 100 kW/cm? to higher 750 kW/cm? excitation power
densities. A relative temperature sensitivity assured by this approach was above
0.5%°CL. The sensitivity was calculated also based on substantial changes of a single
emission band intensity and maximum value of 7.5%°C! was found These relationships

confirm the suitability of using the PA phenomenon in the luminescence thermometry.
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15.3. PA Simulations
In order to explore the SPA mechanism in Pr3*, Yb3* co-doped system, | have performed
modeling for these ions setup. Considering, that PA emission was not observed in singly
Pr3* doped nanocrystals, simulation for single Pr3* ijons was also conducted.
At the beginning, the expected SPA mechanism was proposed and presented in the
energy diagram (Figure 37). Compared with earlier proposed [70] in the present work
a model exclude 1D level which enabled o significantly simplify the DRE equation set
and speed up data simulations. As expected, 852 nm wavelength is resonant with ESA
[*G4—3P4] transition and simultaneously far from resonance with GSA of Pr3* ions,
what is the one of key conditions required for PA. The 852 nm is a bit mismatch with
absorption from Yb3* ions, however, based on experimental results, Yb3* are
unnecessary to obtain PA emission from Pr3* ions in such conditions. Thus, even weak
absorption from Yb3* ions certainly exists. ESA and GSA from Pr3* jons as well as
absorption from Yb3* ions are described by absorption cross sections occurring from
appropriate levels and described as oesa, 0csa and ovy, respectively. For efficient ESA,
PA requires population of the metastable level, here Gi. To achieve it,
three processes are probable. Firstly, cross relaxation (Wcr1) between Pr3* ions
[3P1,3H4]>['Gs, 1G], secondly energy transfer from Yb3* to Pr3* ions
[Yb3*:2Fs/2, Pr3*: 3Ha]—[Yb3*:2F7/2, Pr3*: 1G4] assigned as w71 and finally wes energy transfer
upconversion from Pr3* to Yb3* ions [Yb3*:2F752, Pr3*: 3P1]-[Yb3":%Fs;;, Pr3*: 1Gal.
A processes going in the opposite direction than w71 and wes were also considered
and names as wes and wya, respectively. Additionally, the process Wcr2 as reported
during the first PA observation was included in the diagram. Taking into account
the emission spectra of Pr3* and Yb3* co-doped nanocrystals (Figure 31 b, c),
the emissions from 3P; level were excluded, in favor of emissions from 3Pg level,
which are much more intense. The emission from 3P; level were marked by gray color
and excluded from the modeling to simplify the model (Figure 37). The rates used
to describe emissions are lifetimes - 1. In the present model the emission from 3P level
is described with use of this level lifetime (ts). Appropriate branching ratios
(bs1, bss, bsa), depending on the ending levels, were used. Emissions from Ga, 3Hs

and 3Hs levels were considered as a consequence of Wcr1 and Wcra processes
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and described by lifetimes of these levels, namely ts4, 13 and 1. Beside radiative
emissions, the excited levels can be relaxed by phonons to the lower, excited or basis,
states. Therefore the NRsa (3Po—'Ga), NRa3 (1G4—3Hs), NR32 (3He—3Hs) and NR21 (3Hs—3H4)
processes were taken into account during the theoretical simulations. Due to the fact,
that no emissions were observed from the level 1D, it was omitted from the modeling
(marked by gray color), what also simplify the model. Similarly, 3Fs 4and 3F; levels as well
as processes connected with them were overlooked from the modeling

and in the energy diagram are gray.
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Figure 37. a) Energy levels of Pr¥* and Yb3* ions with transitions leading to obtain SPA emission. The DRE
have been written based on the presented energy diagram, excluding a gray elements. Simulated PA
emission behavior is presented in the panels from (b) to (k). Each panels show, how variation of particular
parameters, i.e. nonradiative transitions (Wss, Wz1, W74, Wes, NR21), radiative lifetimes (tv, T4, Ts) as well as
absorption cross sections (0esa, ovs) used in the developed model influenced the s-shape profiles. Saturated
colors correspond to higher values of the parameters, while the black curve was obtained for pristine
(literature) values. (I) Pump power dependent profiles of PA luminescence intensity obtained from
theoretical modeling for Yb%*, Pr¥* (navy blue) and for pure Pr3* (pink) doped systems. Based on [189].

116



Results and discussion — PA in Pr3* and Yb3 co-doped B-NaYF4 nanocrystals

The DRE were written as was explained in the Experimental section — chapter 13. All gray
elements of the energy diagram were excluded from the DRE. Finally, the system

of seven following DRE (Eq. 16 — Eq. 22) was resolved using Matlab.

DU = —F % Ggsq * N(1) = w71+ N(7) * N(1) + w64 = N(6) * N(4) = WCR1 * N(1)  N(5) —

WCR2 + N(1) * N(3) + ”SI*N(S) ”‘”;‘”(4) + ”31;‘”(3) ”(2) « NR2 % N(2) Eq. 16
4 3

S =25 WCR2«N(1)  N(3) + bazN () ”32;"“3) N(Z) + NR32 * N(3) — NR2 * N(2) Eq. 17
Ty 3

2 = —WCR2+N(1) * N(3) + ”53*”(5) O N(3) — NR32 # N(3) + NR4 * N(4) Eq. 18

Ta

%zF*UGSA*N(l)—F*aESA*N(4)+W71*N(7)*N(l)—w64*N(6)*N(4)+W65*N(6)*
N(4-) b54+N(5)

N(5) — w74 % N(7) * N(4) + 2 * WCR1 x N(1) * N(5) — X8 4 254NG) 4 NR5g « N(5) — NR4 *
N(4) Eqg. 19
&8 = W74« N(7) » N(4) — w65 * N(6) * N(5) — WCR1 * N(1) * N(7) =2 + F x g5, + N(4) —

NRS * N(5) Eq. 20
e = —F % gy * N(6) + 22 2+ w71 N(7) * N(1) = w64 = N(6) » N(4) — w65 « N(6) » N(5) +
w74« N(7) = N(4) Eq. 21
d;? =F x gy, * N(6) —M— w71 % N(7) * N(1) + w64 = N(6) = N(4) + w65 = N(6) = N(5) —

Yb
w74« N(7) = N(4) Eq. 22

Initially, the prepared DRE were resolved using the original parameters, which are

presented in the Table 9 together with the units and sources.

Table 9. Parameters adopted for the DRE solution. Based on [189].

Basic Reference or
Parameter Description Unit
value justification
o Lifetime of level 3Hsin Pr¥*ions 125.6-10°3 s [195]
e Lifetime of level 3Hgin Pr3*ions 52.4-103 s [195]
T Lifetime of level !G4 in Pr¥*ions 128-10° s [196]
Ts Lifetime of level 3Pgin Pr3*ions 30-10° s [197]
Tvb Lifetime of 2Fs;, of Yb3*ions 7.5-10* s [70]
. Rate of nonradiative transition *Po—'Ggin 1
NRs4 3.84-10°8 — [174]
Pr3* S
. Rate of nonradiative transition 'Gs—3Hs 1
NRa3 1.15 — [174]
in Pr3* S
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Rate of nonradiative transition 3Heg—3Hs

* 1
NR32 89132.2 - [174]
in Pri* S
Rate of nonradiative transition *Hs—*Ha 1
NR21 130321.7 - [174]
in Pri* S
Rate of ET 3
Wr1 1.2:10% | [90]
[Yb3+12F5/2, Pr3+: 3H4]—>[Y|f)3+12|:7/2, Pr3+: 1G4] S
Rate of ETU 3
W74 1.2'10'16 ﬂ W74=W71
[Yb3+12F5/2, Pr3+: 1G4]—>[Yb3+12F7/2, Pr3+: 3P1] S
Rate of ET 3
Wes 410" | | we=wi/30
[Yb3+12F7/2, Pr3+: 1G4]—>[Yb3+12F5/2, Pr3+: 3H4] S
Rate of ETU 3
Wes 1.610% | M [70]
[Yb3+22F7/2, Pr3*: 3P1]—>[Yb3+22F5/2, Pr3*: 1G4] S
i Rate of [3P1,3H4]—[*G4, 1G4] CR process in cm3
Wer1 1.1-10% | [70]
Pr3* s
i Rate of [*He,3Ha]—[ 3Hs, 3Hs] CR process in cm3
WCRZ 1.1'10—18 - WCR2=WCR1
Pr3* s
Absorption cross section of Pr¥*ions from
Oksa 0.7:10% | cm? [90]
excited state
. Absorption cross section of Pr¥*ions from
OGsA 8107 cm? [70]
ground state
Ovb Absorption cross section of Yb3* ions 8-10% cm? [70]
Estimated f
bs1 Branching ratio of emission from 3P, 0.294 - Sf'rﬁate o
emission spectra
Estimated f
bs3 Branching ratio of emission from 3Py 0.686 - stmated from
emission spectra
Estimated f
bss Branching ratio of emission from 3Py 0.020 - stmated rom
emission spectra
Estimated based on:
ba1 Branching ratio of emission from 1G4 0.061 -
[198]
Estimated based on:
baz Branching ratio of emission from 1G4 0.711 -
[198]
Estimated based on:
bas Branching ratio of emission from G, 0.228 -
[198]
b1 Branching ratio of emission from 3He 0.566 - [195]
bs» Branching ratio of emission from 3Hs 0.434 - [195]
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The rates of nonradiative transition were estimated on the basis of the probabilities
of nonradiative transitions of Ln3* in a tetragonal LiYFs laser crystal in a function
of energy gap at T = 0 [174]. The probability of nonradiative transition from starting
J level to end J' multiplets, is described as W,,. The data were recalculated for RT

according to the following equation appropriate for emission processes [93]:

W, (T) =W, (T=0)-(n+ 1)P Equation 23
where
hw -1 .
n= [exp (kB_T) — 1] Equation 24

kg is a Boltzman constant and equals 0.695 cm™! - K~!. The hw corresponds the
phonon energy in particular matrix (here Aiw = 350 cm™1), P indicates the number

of phonons required for overcome appropriate energy gap (AE;;) :

AE]]I
P =— Equation 25
hw

As prepared phenomenological model allows to see, how particular parameters
influence the PA features. Therefore, beside simulations performed for literature values
of the rates, | have also performed calculations by sequentially changing (increasing and
decreasing around the nominal literature values) each of individual parameters while
the other were constant. The changes of particular variations of the values are

presented in the Table 10.
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Table 10. Changes in the values of DRE parameters to check their effect on PA characteristics. *Some

parameters had no effect on PA. Based on [189].

Parameter Lower values Basic value Higher values Unit
No changes for values of | 125.568:103 | No changes for values of S
. the same order and an the same order and an
b order of magnitude order of magnitude
smaller bigger
No changes for values of 52.377-10°3 No changes for values of S
. the same order, one and the same order, one and
" two orders of magnitude two orders of magnitude
smaller higher
T4 70-10° 100-10° 128-10° 650-10°° 3220-10° s
Ts 1-10°® 10-10° 30-10° 90-10° 120-10° s
Tvb 7.5-10° 3.5-10* 7.5-10* 9.5-10* 7.5-10°3 s
No changes for values of 3.84-10°® No changes for values of 1
. the same order, one, two the same order, one, two s
NRss and three orders of and three orders of
magnitude smaller magnitude bigger
No changes for values of 1.15 No changes for values of 1
the same order, one and the same order, one and s
two orders of magnitude two orders of magnitude
smaller higher. For values of four
NR43" orders of magnitude
bigger, changes were
observed, however that
big increase of NR43
make no sense.

. Very minor change for 89132.2 Lack of changes for bigger 1
NR3; s
smaller values. values.

1303.217 13032.17 130321.7 Lack of changes for bigger 1
NR21 s
values.
Wor 1.2:10Y 0.2-:107% 1.2:10°%® 2.3:10°%° 1.0-10% cm®
s
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s

120




Results and discussion — PA in Pr3* and Yb3 co-doped B-NaYF4 nanocrystals

2:10% 1-10°8 4-108 8-1018 2:10Y cm3
Wea -
s
1.6-10" 0.5-107¢ 1.6-10°® 5-10¢ 1.6-10% cm3
Wes _
s
No changes for values of 1.1-108 No changes for values of cm3
. the same order, one and the same order, one and S
Woer1
two orders of magnitude two orders of magnitude
smaller higher
No changes for values of 1.1-10%8 No changes for values of cm3
. the same order, one and the same order, one and S
Wer2
two orders of magnitude two orders of magnitude
smaller higher
OEsA 0.2:10% 0.4-10% 0.7-10% 1.3-10% 2.5-10?° cm?
No changes for values up 8-10% Very minor change for cm?
oGsa” to 3 orders of magnitude value two orders of
smaller magnitude higher.
Ovb 810 3-10% 8-10% 20-10% 30-10%° cm?

The results of described simulations, as a dependence of luminescence intensity
in a function of pump power density, are presented in the Figure 37 panels b-k.
The panels from b to k correspond particular parameters, which were changed while all
the other were constant. The black curves in all of these panels are the same and
represent results obtained for initial parameters. The colored curves show, how the
increase (saturated color) or decrease (paler shade) of particular parameters influence
the PA performance. There are presented only these parameters, which significantly
influence PA and they will be discussed subsequently. As mentioned earlier,
the simulations were performed also for singly Pr3* doped system. To do it, all processes
responsible for interaction between Pr3* and Yb3* ions, namely w7a, Wes, W71 and wea

as well as the absorption of Yb3* ions, oy, Were reset. The rate of emissions of Yb3*

. . 1
is described as — thus, to make the rate close to zero, the 7y}, value was adopted
Yb

as very high. The results obtained for singly Pr3* ions doped, comparing with co-doped
system are presented in the Figure 37 |. While luminescence of co-doped system has

a characteristic for PA s-shape (blue curve), for singly Pr3* doping (pink line) no PA
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features were observed. The results are compatible with experimental observations,
thus, the key role of Yb3* ions, which are necessary to observe the PA from Pr3* jons
in present experimental conditions was confirmed. Returning to the investigations
of individual processes on PA features, it should be reminded, that there are presented
only these parameters, which influenced PA features: S and PAty. What is surprising,
the Wcr1, which suppose be the key mechanism leading to populate the intermediate
1G4 level do not influence PA features, because the other existing processes leading also
to populate this level are more intense. Besides, the concentration of Pr3* ions is low,
therefore CR and Wocr2, processes are not enough efficient to observe PA. The Wcr2
process was proposed during the first PA observation. However, the excitation
conditions were different that in present experiment, i.e. here the level 3Hs was not
directly pumped as in the case of Chivian et al. work [28]. In a present experiment, the
key role of populating 1G4 level, necessary for efficient ESA, plays the wes process [90].
The value of the wes process is higher than Wcr1, what confirms the hypothesis, that Yb3*
ions are responsible for PA — not only support the process, but are indispensable
to observe the PA emission of Pr3* jons in such experimental conditions. Increase
of the wes parameter leads to more efficient ESA process, thus the slopes are steeper
(Figure 37 b and 38 a). Besides wes also the w71 process leads to populate intermediate
1G4 level, therefore similarly, higher values of w7 are reflected in a higher slopes (Figure
37 ¢ and 38 c). The wys process can be compared to ESA, thus higher intense
of the process is also the reason of the S increase (Figure 37 d and 38 c). The last wea
process of energy transfer between Pr3* and Yb3* ions leads to depopulate
the intermediate 1G4 level of Pr3* ions, at the same time not populating higher energy
levels of this ions. Therefore, increase of the wes parameter impedes PA existence, which
is illustrated by higher PAt4 values simultaneously lowering the S (Figure 37 e and 38 d).
On the other hand, the wes leads to pump the Yb3* ions, which are necessary for PA.
However, the Yb3* ions are very susceptible to surface quenching by overtones of water
vibrations (3300 cm™?), therefore the surface effects have also significant impact. On this
account, the role of Yb3* ions is twofold. On the one hand, the Yb3* ions enables
and support PA, but on the other hand facilitates quenching on the surface. A shorter
Yb3* ions lifetime, Ty, hinders PA by increasing of PAr (Figure 37 f and 38 e).

It can be caused by surface quenching. Decreasing of the Ty, contributes to more
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effective wes and wes processes and in a consequence the PAty increases
(Figure 37 f and 38 e). The other radiative lifetimes are 14 and ts, which correspond
lifetime of levels 1Gs and 3Py, respectively. Longer 14 facilitated PA process (PAy is lower)
because contributes to more effective ESA process, however the S decreases
(Figure 37 g and 38 f). The ts changes not significantly influence PA features. Only
significant reduction in the ts value is a reason of decrease of S (Figure 37 h and 38 g).
The 12 and T3 lifetimes do not caused changes in s-shape character. These values
determine the population of 3He and 3Hs energy levels, which take a part in Wcrz process.
The processes will be crucial for scheme adopted by Chivian et al. [28], where the ESA
occurred from the 3Hs level. However, in a present work, with use of 852 nm excitation,
are not considerable, what also means, that ET between Yb3* and Pr3* ions is more
significant, than processes going between pairs of Pr3* ions. Due to the lifetimes
considered here are radiative, non-radiative transitions are also included in the model.
In order to simplify the model, certain Pr3* levels were not taken into account and the
multi-phonon relaxation transitions between 3Po—'Gs (10 800 cm™) and
1G4—>3He (5 600 cml) were described using NRss and NRas, respectively.
Due to the large energy gaps of these transitions, the probabilities of the processes are
not very high. However, it is worth to mention, that these transitions could be more
efficient in experimental conditions than in a presented numerical considerations,
because here the intermediate D,, 3Fs4 and 3F, levels were excluded.
However these energy levels originally exist and the energy gaps are lower, what should
facilitate the non-radiative transitions. The calculations with increase and decrease
of the NRss and NRas3 values were performed even up to three orders of magnitude
smaller or larger than the original values. However, no clear differences in the s-shape
were observed. Two remaining non-radiative processes, namely NR3> and NRz
are closely connected with the Wcr2 process and not greatly influence the PA features.
Only NR21 process has an impact on S value, namely lower NRy1 values decrease slope
(Figure 38 h). This indicates the essence of finding Pr3* ions in the ground state,
which leads to the initiation of the PA process. One of key conditions to observe PA
emission is a large excited state absorption cross section and simultaneously a negligible

ground state absorption cross section. The conditions are fulfilled by 852 nm excitation
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wavelength, which is resonant with ESA and off-resonant with GSA of Pr3* ions.
These assumptions are reflected in simulations. The ogsa parameter do not influence PA
emission features, while oesa significantly changes the PAry value. For higher oesa,
the PAty moves for lower values, what facilitates PA, but in the opposite situation, lower
oesa increases PAry, what is compatible with predictions (Figure 37 j). Moreover, bigger
Oesa is @ reason to observe higher S values (Figure 38 i). The simulations confirm, that
oesa plays the key role in PA process and higher values of the parameter are beneficial
for PA. Considering the oy, parameter, the changes in s-shape character are minor.
For lower values of oy, the PAty moves to higher power densities, however the slopes
are steeper (Figure 37 k, 38 j). Two processes leading to populate the !G4 intermediate
level need the Yb3* ions. In the case of wes there are necessary Yb3* ions in a ground
state, while w71 requires Yb3* ions in an excited state. Increase of values of these both
processes lead to observe higher slopes, however the wes process is more intense,
thus Yb3* ions in the ground state contribute more to increasing S than excited Yb3* ions.
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Figure 38. PA simulated results for system co-doped with Pr3*, Yb3* ions: each panel consists of two
elements: pump power dependent luminescence intensity of PA emission and corresponding values
of slopes of these s-shaped curves. Each of the panels illustrate how changes of particular parameters,
namely nonradiative transitions: (a) wes, (b) w71, (c) wzs, (d) wss (h) NR21, radiative lifetimes: (e) tvs (f) T4,
(g) t5, and absorption cross sections: (i) oesa, (j) ovw affect PA properties. Saturated colors correspond
to higher values of the parameters, while the black curves were obtained for pristine (literature) values.
Based on [189].
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15.4. Conclusions
In summary, all synthesized core and core-shell nanocrystals doped with Pr3* ions (wide
range concentration) as well as co-doped with Pr3* (0.1, 0.3, 0.5 or 0.7%) and Yb3* (15%)
ions shown crystallographic pure B-NaYFs phase. The presence of an inert shell was
evidenced indirectly by estimation of core and core-shell nanocrystals dimensions
on the basis of TEM images as well as directly by mapping of the composition
of representative nanocrystal. In order to check existence of PA emission, all materials
were investigated under excitation with 852 nm, which is resonant with ESA
and simultaneously far from the resonance with GSA of Pr3*ions. Multicolor emission
was successfully observed in Pr3*, Yb3* co-doped core and core-shell nanocrystals,
while singly Pr3* doped nanoparticles showed no emission under the same excitation
wavelength. It indicates the key role of Yb3* ions, which are necessary to observe the PA
emission from Pr3* jons under chosen excitations conditions. The PA features were
measures for the most intense beams, namely at 482 nm, 3Po—>3H4, and 607 nm 3Po—>3Hs
transitions. PA emission features were successfully observed at both these emission for
all B-NaYFsnanocrystals co-doped with Pr3* and Yb3* ions. The luminescence intensity
of core-shell crystals was higher than for core only samples. Moreover, higher slopes
and lower thresholds were obtained for core-shells compared with cores.
Both these facts indicate the protective role of the inert shell, which has a beneficial
influence for photoluminescence, in particular PA emission, because diminishes the
impact of chemical environment on sensitizing-migrating Yb3* and emitting Pr3* ions.
The biggest slopes, namely 8.6 and 9 as well as the smallest PAy, i.e. 286 kW/cm? and
281 kW/cm? were found for NaYFs: 0.5% Pr3*, 15% Yb3*@NaYFs for emissions
at 482 nm and 607 nm, respectively, thus this sample composition was confirmed as an
optimal [70]. In the present work, both Stokes and PA emission measurement
led to assign the emission at 607 nm as coming from 3P level, while some sources report
the emissions comes from the 1D, energy level [70]. As a consequence, among others
the exclusion of D, energy level from analysis allowed to simplify the energy diagram
used to prepare the phenomenological model of PA in Pr3*, Yb3" ions setup.
The phenomenological model enabled to predict the influence of particular energy

transfer processes of PA behavior as well as was adapted to perform the simulations
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for singly Pr3* doped crystals. Results obtained for Pr3*,Yb3* co-doped system
led to observe characteristic s-shape curve of luminescence intensity in a function
of pump power density, while a solution for singly Pr3* doped setup showed no PA
features. Therefore, the important role of Yb3* ions in a discussed PA process was
confirmed theoretically. The presented experimental and theoretical results allowed
to understand the key role of Yb3*ions during the PA process achieved in Pr3* and Yb3*

co-doped system under 852 nm excitation.
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16. Other PA investigations

The results presented in the Chapters 14 and 15 are composed of completed and
published data. In the present chapter will be presented these results, which have not
been published so far and require more measurements, however clear strides have been
made in this research, so it is included in the present dissertation. The PA is quite
capricious and unfortunately not all attempts to obtain PA have been successful.
Nevertheless, | have synthesized a number of materials, i.e. doped with Tm3* and
co-doped with Tm3* and Yb3* ions, doped with Ho3* and co-doped with Ho3* and Yb3*
ions as well as co-doped with Er3* and Yb3* ions, which were structurally and
morphologically characterized. Preliminarily examined the dependence of luminescence
intensity as a function of excitation power. PA emission was observed for nanocrystals
doped with Tm3* and co-doped with Tm3* and Yb3* ions. For Ho3* doped and Ho3", Yb3*
co-doped nanocrystals no signs of avalanche emission were observed - the reason may
be the lack of knowledge of the actual ESA spectra, or it is necessary to have either
a tunable laser, which we do not have. In addition, it took a long time to create a setup

to measure PA properties, which delayed some measurements.

16.1. PAin Tm> doped as well as Tm** and Yb3* co-doped NaYF4

nanocrystals

Following in the footsteps of SPA observed in Pr3* and Yb3* it has become interesting,
how the presence of Yb3* ions influence PA emission of Tm3* ions. The series of core and
core-shell NaYF4 nanocrystals doped with Tm3* as well as co-doped with Tm3* and Yb3*
ions was synthesized. All nanoparticles exhibited a pure hexagonal B-NaYFs

crystallographic phase (Figure 39).
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Figure 39. XRD of B-NaYFa crystallographic structure (Template) and 8-NaYFa nanocrystals doped with
Tm3* as well as co-doped with Yb** and Tm3*ions in both core and core-shell architecture.

The average sizes of the nanoparticles were estimated based on TEM images
(Figure 40 a-h) and are presented in the histograms (Figure 40 i-1). The samples display
narrow sizes distributions. The core nanoparticles have an average dimeters from

~18 nm to ~21 nm. Core-shell width is in the range 18-22 nm and length 21-30 nm.
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Figure 40. Morphology characteristics of core and core-shell NaYF: nanocrystals doped with 3% Tm?>*,
8% Tm>* and co-doped with 4% Tm*, 20% Yb** ions as well as 8% Tm?*, 20% Yb**: TEM images of core
nanocrystals a, b, ¢, d; TEM images of core-shell nanoparticles e, f, g, h; histograms i, j, k, I, respectively.

During the initial investigations core-shell nanocrystals emission at 810 nm was
monitoring under both 1059 nm and 976 nm excitation (Figure 41). The pump-power

dependent luminescence measurements were conducted by Dr Eng. Marcin Szalkowski.
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Figure 41. Intensity of photoluminescence at 810 nm of nanocrystal doped with Tm3* as well as co-doped
with Tm3* and Yb3?* ions in a function of pump power density under: (a) 1059 nm and (b) 976 nm excitation
source.

The PA emission features were clearly observed under an excitation with 1059 nm, while
under excitation with 976 nm were absent. Considering results obtained under
excitation with 1059 nm, the PAry of core-shell nanocrystals co-doped with 4% Tm3*
and 20% Yb3* ions is clearly lower than in the remaining cases. In the case of excitation
with 976 nm, the nanocrystals with sensitization of Yb3* ions, which efficiently absorb
this excitation wavelength, shown higher luminescence intensity than singly Tm3* doped
nanocrystals. It seems clear, due to weak absorption of 976 nm by Tm3* ions. Comparing
the co-doped nanocrystals with different, concentration of Tm3* ions (4% and 8%),
higher luminescence intensity was observed for lower — 4%Tm3* ions concentration.
It is connected with the concentration quenching effect, which is more probable in 8%
Tm3* co-doped nanoparticles. Further studies of these presented samples will

be considered in the future.
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16.2. Ho* doped as well as Ho** and Yb3* co-doped NaYF4nanocrystals
There are some reports of PA in Ho3* doped materials. Therefore, | have synthesized
a series of B-NaYF4 core and core-shell nanocrystals doped with Ho3* (0.5% and 20%)
ions as well as co-doped with Yb3 (constant 20% amount)
and Ho®* (0.5%, 1%, 2%, 4% or 8%) ions. All these samples were synthesized

by me and shown pure B-NaYF4 crystal phase (Figure 42).
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Figure 42. XRD of B-NaYF; core and core-shell nanocrystals singly doped with Ho** ions (0.5% and 2%)
as well as co-doped with Yb3* ions (constant amount of 20%) and Ho®* ions (0.5%, 1%, 2%, 4% or 8%)
together with template for 8-NaYFacrystal phase.

The average sizes of these nanocrystals were estimated based on TEM images
of appropriate core (Figure 43 a, d, g, j, m, p, s) and core-shell (Figure43 b, e, h, k, n, q,
t) samples and are presented in the histograms (Figure 43 ¢, f, i, I, o, r, u).
The nanocrystals shown wide range of distributions. The diameters of core nanocrystals

are in the range of 16.5-21 nm while core-shells from 21 nm to 29.5 nm.
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Figure 43. Morphology characteristics of Ho** doped as well as Ho** and Yb** co-doped core and

core-shell NaYFa nanocrystals. Particular rows of the figure are composed of TEM images as well as

histogram for crystals doped with: (a, b, ¢): 0.5% Ho®; d, e, f: 2% Ho*; (g, h, i): 0.5% Ho*, 20% Yb**;

G, k 1): 1% Ho*, 20% Yb3; (m, n, o): 2% Ho*, 20% Yb* (p, q, r): 4% Ho>, 20% Yb>*;

(s, t, u): 8% Ho**, 20% Yb** ions.
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Absorption spectra for all synthesized nanocrystals were measured and are presented

in the Figure 44.
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Figure 44. Absorption spectra of core and core-shell nanocrystals singly doped with Ho** ions (0.5% and
2%) as well as co-doped with Yb3* ions (constant amount of 20%) and Ho>* ions (0.5%, 1%, 2%, 4% or 8%).

In order to check the PA emission existence, the synthesized nanocrystals were
investigated under particular excitations at 808 nm, 852 nm, 975 nm and 1059 nm.
In the case of 808 nm and 852 nm excitation no emission was observed, while
nanocrystals excited with 975 nm and 1059 nm showed emission in the range from
500 nm to 800 nm (Figure 45). More intense photoluminescence was observed under
excitation at 975 nm, which matches Yb3* excited state. Thus, Yb3* ions also in this case,

promote upconversions process.

133



Synthesis, modeling and spectroscopic evaluation of selected Tm3*, Pr®*, Ho* doped
and Yb* co-doped colloidal photon avalanching nanoparticles

2000 L Integral area under bands
ex. 980 nm 5F5—)5|8 <0000 at 540 nm abd 650 n.m
ex. 1059 nm 20000
3500 |- H 200
— [ ]
5F,, 55,5%1; e -
3000 + 20000
w 15000 n
8 BT 650
= 2500 Wavelength [nm]
=
2 2000 5 5a .5
5 Fa °S,—°l,
c
~ 1500
1000
500
0 1

450 500 550 600 650 700 750 800
Wavelength [nm]

Figure 45. Emission spectra of NaYFs: 1% Ho%*, 20% Yb** @ NaYF4 nanocrystals under excitations at 975
and 1059 nm. Inset contains integral area under the bands 540 nm and 650 nm for both 975 nm (pink
points) and 1059 (blue points) excitations.

For two the most intense peaks, namely at 540 nm and 650 nm, the photoluminescence
intensity was measured in a function of the pump power density of excitation sources:
975 nm and 1059 nm (Figure 46). The measurements under 1059 were performed
for all core-shell nanocrystals. In the case of 975 nm excitation, there were investigated
only samples containing Yb3* ions, because the wave is resonant with absorption
of these ions. Unfortunately, no PA emission was observed. The slopes were relatively
low, around 3. Thus, as in a more of literature sources, pure features of PA ions were
no observed. However, further studies are planned, which will require to get knowledge
about more appropriate photoexcitation wavelength matching ESA but simultaneously

staying out of resonance with GSA in Ho3* or Yb3* ions.
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Figure 46. The luminescence intensities of emissions monitored at 540 nm (first column) and 650 nm
(second column) in a function of pump power densities of excitation sources, namely 1059 nm (first row)
and 975 nm (second row) for core-shell nanocrystals doped with Ho** as well as co-doped with Ho3*
and Yb3* ions.
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16.3. Er**and Yb** co-doped NaYF4nanocrystals
The Yb3*, Er3* ions system is known to be one of the most efficient for upconversion
of energy. PA emission has been reported in materials doped with Er3* ions and
co-doped with Yb3* and Er3* ions under excitation around 980 nm [199]-[201].
The excitation wavelengths around 560 nm and 690 nm are non-resonant with
absorption from the ground state and at the simultaneously resonant with absorption
from the excited state of Er3* ions. The wavelength of 579 nm corresponds to the
4111/2—*Go2 transition, and 690 nm is resonant with *l112—2Gg/2 [202] (*Gg2 is sometimes
called as 2G(1)e2 [174]) and furthermore with %l132—%F72 and  %lo;2—*G11/2.
Because of this, an experiment was planned to test the presence of avalanche emission
in nanocrystals co-doped with Er3* and Yb3* ions and to check the effect of Er®* ion

concentration on possible PA emission. The following samples were synthesized:
NaYFa: 2% Er3*, 20% Yb3* @ NaYF,
NaYFa: 20% Er3*, 20% Yb>* @ NaYFa.

The pure B-NaYFs crystallographic structure was evidenced by XRD measurements

(Figure 47).
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>
S,
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=
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Figure 47. X-ray powder diffractions of nanocrystals co-doped with Er¥* and Yb3* ions as well as the
template for 8-NaYF4 crystal phase.
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Figure 48. Characteristics of core and core-shell nanocrystals co-doped with 2% Er** and 20% Yb** ions.
TEM images of: a, b, c: core and d, e, f: core-shell nanocrystals as well as g histogram with average sizes.

The TEM images and histograms with average sizes were prepared for core and core-
shell nanocrystals co-doped with 2% Er3*, 20% Yb3* ions and are presented in the
Figure 48. The average dimension of core is around 19 nm and core-shell near 28 nm,

thus the shell thickness is around 5 nm. The spectroscopic studies of these samples are

to be planned.
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17. Conclusions

In summary, the goals of present dissertations were achieved.

The setup to synthesize fluoride colloidal NaYFs and LiYFs nanocrystals
was designed and built.

The thermal decomposition of lanthanide salts synthesis method was optimized
to prepare nanocrystals in a core and core-shell architecture.

All the synthesized nanocrystals were crystallographically pure and showed
narrow size distributions, confirming the reproducibility of the syntheses.

For selected nanocrystals, namely doped with Pr3*, Ho3* as well as co-doped with
Pr3*or Ho®*" and Yb3* ions absorption spectra were measured and analyzed.
Moreover, for nanocrystals doped with Pr3*ions as well as co-doped with
Pr3* and Yb3* ions emission and excitation spectra in a Stokes mode were
measured and interpreted.

The crystals doped with Tm3*, Pr3*, Ho3* as well as co-doped with Yb3* ions were

investigated for the existence of PA.

The achievement of PA at nanoscale offers the possibility of new applications of these

PA materials, however for their implementation it is important to understand the

mechanism of the process as well as its characteristics depending on various factors,

such as the size of the avalanching materials or the dopant concentration.

PA emission at 800 nm (3Hs—3Hg) was successfully observed in Tm3* NaYF4
crystals under excitation with single mode laser diode generating wavelength
at 1064 nm, which matches the ESA (3F4—3F2) of Tm3*ions.

For the first time, the relationships between PA features and materials sizes were
investigated. LiYF2:8%Tm3* and LiYF4:3%Tm3* were synthesized as core and
core-shell nanocrystals as well as microcrystals, moreover bulk NaYF4: 3%Tm3*
crystal was investigated and compared to nano- and micro-sized materials. PAry
values shifted to higher values with decrease of crystal size. Dependence of the
S values on material size was not monotonic however, generally, higher values

were observed for smaller materials and were in the range from 6 to around 12.
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The theoretical absorption spectra were calculated for different matrices doped
with Tm3* ions aiming to predict ESA spectra.

Additionally, PASSI sub-diffraction imaging of LiYF4:3% Tm3*@ LiYF4 nanocrystals
doped with 3% of Tm3* ions was performed and spatial resolution of 125 nm
was achieved.

Moreover, theoretical DRE model was prepared to understand the role of energy
processes occurring in Tm3* ions during PA process. It was presented,
how radiative and non-radiative rates as well as cross-relaxations and ESA affect
the PA phenomenon.

The PA emission was also successfully observed in Pr3*(0.1%, 0.3%, 0.5% or 0.7%)
and Yb3* (15%) co-doped core and core-shell NaYF4 nanocrystals. The materials
were investigated under single mode diode excitation of 852 nm,
which is resonant with ESA of Pr3*ions (:G4—3P1).

The same experiment was performed for singly Pr3* doped nanoparticles,
however only in the case of double Pr3* and Yb3* doping, the PA emission
was successfully observed at 482 nm (3Po—3H4) and 607 nm (3Po—>He).

The PA emission of Pr3* ions at 607 nm, compared to some sources reporting
it as coming from D, energy level, was correctly associated with 3Po—3He
transition.

The PA features were investigated in a function of nanocrystals architecture,
namely for core and core-shell materials. The nanoparticles with inert shell,
responsible for protecting optically active ions from the environment influence,
showed higher S values and lower PAty comparing with cores.

Moreover, the influence of Pr3* ions concentration on PA features was
investigated. The highest S parameters. i.e. 8.6 and 9.0 as well as the lowest PAtH,
namely 286 kW/cm? and 281 kW/cm? were observed for core-shell nanocrystals
co-doped with 0.5% of Pr3* ions and 15% of Yb3* for emission at 607 nm
and 482 nm, respectively.

Beside the experimental investigations, simulations of PA process in Pr3*, Yb3*
co-doped system were performed. The phenomenological model enabled

to investigate the influence of particular radiative and non-radiative transitions
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on PA features. Learning about the mechanism of PA process will enable
predicting the properties of PA materials and will facilitate them intentional
design before they are synthesized.

The key role of Yb3* ions which are necessary to observe the PA from Pr3* ions
under 852 nm photoexcitation was confirmed with use the theoretical
investigations.

The investigation of PA emission existence were performed also for nanocrystals
doped with Ho3* as well as co-doped with Ho3* and Yb3* ions. The nanocrystal
were synthesized in a core and core-shell architecture and were investigated
upon different excitation beams, namely 808 nm, 852 nm, where no emission
was observed as well as under 975 nm and 1059 nm and in these cases the
emission was monitored at 540 nm and 650 nm, however no PA features were
observed. Further experiments are planned with additional laser lines.
Moreover, the core and core-shell nanocrystals co-doped with Er3* and Yb* were
synthesized and in terms of morphology characterized, however spectroscopic
investigations were not conducted yet because of missing appropriate

photoexcitation laser.
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V.  Annexes
Table 11. List of samples synthesized by author of the dissertation
Lp. Described in the dissertation Lp. Described in the dissertation
1. NaYFa: 0.1% Pr3* 31. | NaYFa: 4% Tm3*, 20% Yb3* @ NaYFa
2. NaYFs: 0.5% Pr3* 32. | NaYFa: 8% Tm3*, 20% Yb3*
3. NaYFa: 1% Pr3* 33. | NaYFa: 8% Tm3*, 20% Yb3* @ NaYFs4
4. NaYFa: 3% Pr3* 34. | NaYF4: 0.5% Ho3*
5. NaYFa: 5% Pr3* 35. | NaYF4: 0.5% Ho®** @ NaYF,
6. NaYFs: 8% Pr3* 36. | NaYFa: 2% Ho3*
7. NaYFs: 0.1% Pr3* @ NaYFs4 37. | NaYFa: 2% Ho®** @ NaYFs
8. NaYFs: 0.5% Pr3* @ NaYFa4 38. | NaYFa4: 0.5% Ho3*, 20%Yb3*
0. NaYFs: 1% Pr3* @ NaYFs 39. | NaYFa: 0.5% Ho3*, 20%Yb3**@ NaYF4
10. | NaYFa: 3% Pr3* @ NaYF. 40. | NaYFs: 1% Ho3*, 20%Yb3*
11. | NaYF4: 5% Pr3* @ NaYFs 41. | NaYFa: 1% Ho%*, 20%Yb3**@ NaYF4
12. | NaYFs: 8% Pr3* @ NaYFs 42. | NaYFa: 2% Ho%*, 20%Yb3*
13. | NaYF4: 0.1% Pr3*, 15% Yb3* 43. | NaYFs: 2% Ho*, 20%Yb** @ NaYFa4
14. | NaYF4: 0.3% Pr3*, 15% Yb3* 44. | NaYFa: 4% Ho%*, 20%Yb3*
15. | NaYF4: 0.5% Pr3*, 15% Yb3* 45. | NaYFa: 4% Ho3*, 20%Yb3**@ NaYFs4
16. | NaYF4: 0.7% Pr3*, 15% Yb3* 46. | NaYFa: 8% Ho**, 20%Yb3*
17. | NaYF4: 0.1% Pr3*, 15% Yb3* @ NaYFs | 47. | NaYFa: 8% Ho3*, 20%Yb3>*@ NaYF,
18. | NaYF4: 0.3% Pr3*, 15% Yb3* @ NaYFs | 48. | NaYFa: 2% Er3*, 20%Yb3*
19. | NaYF4: 0.5% Pr3*, 15% Yb3* @ NaYFs | 49. | NaYFa: 2% Er3*, 20%Yb3* @ NaYF,
20. | NaYF4: 0.7% Pr3*, 15% Yb3* @ NaYFs | 50. | NaYFa: 20% Er®*, 2%Yb3*
21. | NaYFs: 40% Yb3* 51. | NaYFa: 20% Er3*, 2%Yb3* @ NaYF,
22. | NaYFs: 40% Yb3* @ NaYF4:0.5%Pr3*
23. | NaYFs: 40% Yb3* @ NaYF4:0.5%Pr3* Other synthesized colloidal nanocrystals
@ NaYFs
24. | NaYbFs 52. | NaYFs: 0.5% Tm3*, 20% Yb3*
25. | LiYF4: 3% Tm3*@ LiYFs 53. | NaYF4: 0.5% Tm3*, 20% Yb** @ NaYF4
26. | NaYFa: 3% Tm3* 54. | NaYFa: 0.2% Tm3*, 20% Yb3*
27. | NaYF4: 3% Tm3*@ NaYFs 55. | NaYFs: 5% Nd3*, 15% Yb3*
28. | NaYFs: 8% Tm3* 56. | NaYFs: 5% Nd3*, 15% Yb3* @ NaYF,
29. | NaYFs: 8% Tm3*@ NaYF, 57. | NaYFa: 8% Pr3*, 20% Yb3*
30. | NaYFa: 4% Tm3*, 20% Yb3* 58. | NaYFa: 8% Pr3*, 20% Yb** @ NaYF4
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Figure 2. Simplified illustration of the effect of Coulombic field, spin—orbital coupling, and
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Figure 5. Characteristic features and mechanism of PA emission: (a) example of PA s-shape
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Figure 6. Transitions and energy transfers responsible for PA in Tm3>*doped materials.
Presented excitation wavelengths were proposed in the literature as leading to observe PA.
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Figure 7. Transitions and energy transfers responsible for PA in Pr3* singly doped as well as
Yb** and Pr®* co-doped materials. Presented excitation wavelengths were proposed in the
literature as leading to observe PA. GSA indicates how particular wavelength matches ground
state absorption. The example CR processes are presents with the energy mismatch. In the
diagram are included typically emissions reported as PA emissions. ......cccccccveeeviveeeeccreeeeennen, 60
Figure 8. Transitions and energy transfers responsible for PA-like mechanism in Ho3+ singly
doped as well as Yb** and Ho** co-doped materials. Presented excitation wavelengths were
proposed in the literature as leading to observe PA. GSA indicates how particular wavelength
matches ground state absorption. The example CR processes are presents with the energy
mismatch. In the diagram are included typically emissions reported as PA emissions.............. 62
Figure 9. Crystallographic cell of a) B-NaYFs and b) LiYFs crystal.......cccceeeeiiieecieeeecieee e, 71
Figure 10. Scheme of the precursors preparation: (a) steps required to obtain lanthanide
acetates, (b) steps leading to obtain lanthanide trifluoroacetates, (c) drying of precursor
prepared according (@) OF (D). .o e e rae e 73
Figure 11. Colloidal fluoride nanocrystals synthesis scheme: adding of high-boiling solvents to
precursor *and sodium trifluoroacetate in the case of spherical shell deposition; removing of
residual water and oxides; adding solution of NH4F and NaOH in methanol (MeOH) in the case
of core synthesis or core nanoparticles while spherical shell deposition *or both during
ellipsoidal shell deposition; solvents evaporation; appropriate synthesis. .........cccccceeeeeennnnenen. 74
Figure 12. Home-built microscopic setup used for measurements of luminescence intensity in a
function of excitation source pump power density as well as luminescence rise- / decay- times.
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Figure 13. Exemplary energy diagram illustrations energy transfers between two ions under
wavelength excitation matched ESA and off-resonant with GSA. This diagram was used to write

DRE (Equations 10-13) aiming to explain description of particular processes. .......c.cccveeeunnenn. 84
Figure 14. XRD pattern of LiYF, crystals with XRD patterns of synthesized materials doped with
(@) 3% and (b) 8% of Tm3* ions. Based 0N [50]. ....cc.ccviieiereerierieieeieteiee ettt enas 86

Figure 15. Size comparison of investigated LiYF, crystals: TEM pictures of cANP (a),(e) and
csANP (b),(f) doped with 3% and 8% of Tm3* ions, respectively; SEM of 3% (c) and 8% (g) Tm3*
doped PAP; bAC (d). Based 0N [50]. ....c.uvieieiiiiieeiiiee e eiiiee e esree et e e e s vee e e are e e e e nabe e e s e arae e e enres 87
Figure 16. Theoretical excited state absorption spectra calculated for Tm3* ions in LiYF, matrix
for (a) 3F4—3F2 and (b) 3F43F3transition. ....oc.ccuceecicicicececeeee et 89
Figure 17. Theoretical excited state absorption spectra calculated for Tm3* ions in different
matrices for (a) 3Fs—3F2and (b) 3F4=3F3transition. ........ccceeeieieeieiciceeceeee e 90
Figure 18. Thulium photon avalanche pump power dependent at 800 nm luminescence
characteristics for nano, micro and bulk PA crystals doped with a) 8% and b) 3% Tm3*ions.
Pump power dependent comparison of: row 1 — PA emission intensity, row 2 — PA slopes, row
3 — PA gains and row 4 — 50% risetimes. Based 0N [50]......ccccereiiiiieieeiiieee e 92
Figure 19. Characteristics of PA emission at 475 nm (1064 nm excitation) of: bulk crystals
(green), microcrystals (blue), core nanocrystals (gray), and core-shell nanocrystals (red) for the
LiYF, materials doped with 3% (right column) and 8% (left column) of Tm** ions. The slopes (S),
gains (Dav) as well as risetimes (tso%) were calculated automatically with use of a home
developed software. Based 0N [50]. ....uuvieiiiiiiiiiiiiiiieee et e e e eeetrree e e e e e e e e eatraae e e e e e e e anraaaees 93
Figure 20. a) Energy diagram of Tm3* ions with transitions leading to obtain PA emission,
absorption spectra of Tm3 in LiYF4: left — measured ground state absorption spectra, right —
calculated excited state absorption spectra. Bottom: Power dependent simulated behavior of
PA emission — [middle row: (b), (d), (), (h), (j), (1)] PA emission intensity and [bottom row: (c),
(e), (g), (i), (k), (m)] PA slopes in response to changes of phenomenological parameters: A, =
250, 200, 150, 100, 50, 20 s™*, A3 = 1000, 500, 250, 100, 50, 257, fisa = 5,2, 1,0.5,0.2, 0.1,
0.05, 0.02, 0.01; k, = 1000, 500, 250, 100, 50, 25 s™*, ks = 2000, 1000, 500, 250, 50, 25 s™* and
fer =0.5,0.2, 0.1, 0.05, 0.02, 0.01. Individual parameters were varied one at a time, while the
other were fixed. More saturated color indicates higher values. Black dotted lines correspond
experimental data obtained for 8% Tm3*-doped NaYF,s@NaYF, colloidal nanocrystals at RT.
[T Y =Te Mol 1 110 ] PO 95
Figure 21. PASSI imaging demonstrations on single LiYF4: 3% Tm3* @ NaYF4 nanocrystal at
various pumping powers. a—c) presents PASSI maps for different pumping intensities, d) PA
emission cross sections for particular power densities, e) values of FWHM (left axis) and S
(right axis) corresponding to the cross-sections and f) demonstration of the imaged spot
FWHM changes with varying S (left axis) and the resolution enhancement (right axis). Based on

150 PR 96
Figure 22. XRD for singly doped with 0.1%, 0.5%, 1%, 3%, 5% and 8% of Pr3* ions core and core-
shell B-NaYF4 nanocrystals as well as the template of the B-NaYF, structure. ..........cccuveeeen.e.e. 98

Figure 23. Morphology characteristics of B-NaYF, nanocrystals singly doped with Pr3* ions:
TEM images as well as histograms presenting average sizes of the core and core-shell
nanocrystals doped singly with (a) 0.1%, (b) 0.5%, (c) 1% and (d) 3%, (e) 5% and (f) 8% of Pr3*
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Figure 24. XRD for core and core-shell B-NaYF, nanocrystals co-doped with x% Pr** and 15%
Yb3* ions as well as the template of the B-NaYFs StrUCTUIe. ..cc.ovviveeeveiirieecieeeee e, 101
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Figure 25. Characteristic of B-NaYF4 nanocrystals co-doped with Pr3* and Yb* ions: TEM
pictures of core nanoparticles (a, d, g, j); TEM of core-shell nanocrystals (b, e, h, k); Histograms

presenting average sizes of core and core-shell nanocrystals (¢, f, i, 1).....cccoceeeeiiiieieiiineennnen. 101
Figure 26. (a) EDS map and (b) EDS profile of Yb3" and Y** ions in NaYF4: 0.5% Pr3*, 15%Yb** @
NN S o T Lo ol Y2 - | PR 102
Figure 27. Characteristics of NaYbF, crystals: (a) XRD of NaYbF, crystal phase (template) and
for synthesized sample; (b),(c) TEM images; (d) Histogram with average particles sizes......... 103
Figure 28. XRD of B-NaYF, structure (template) and of NaYF4:40%Yb**, NaYF4:40%Yb**@
NaYF4:0.5%Pr3* and NaYF4:40%Yb3* @ NaYF4:0.5%Pr¥*@NaYFscrystals. ....cccovvvevveeeerenneennnn, 103

Figure 29. TEM images of: (a,b) NaYF4:40%Yb*, (c,d) NaYF4:40%Yb** @ NaYF4:0.5%Pr** and (e,f)
NaYF4:40%Yb* @ NaYF4:0.5%Pr3*@NaYF, crystals as well as (g) corresponding histograms with
AVEIAZE PATTICIES SIZES...uiiiiiiiiee i e e e e e e et ee e e e ebte e e e ba e e e esabeeeeesaraeeeenrees 104
Figure 30. Spectroscopic measurements for B-NaYF, nanocrystals: Absorption and scattering
spectra of B-NaYF4nanocrystals: (a) cores and core-shells co-doped with Pr3* and Yb** ions (b)
core-shells doped with Pr3* ions; Excitation spectra for (c) cores and core-shells co-doped with
Pr3* and Yb3* ions monitoring emission at 980 nm (d) core-shells doped with Pr3* ions
monitoring emission at 607 nm; Emission spectra under excitation with 444 nm for (e) cores
and core-shells co-doped with Pr3* and Yb* ions (f) core-shells doped with Pr®* ions. Inserted
plots: in absorption and scattering spectra (a) and (b) present integral area under the peak at
444 nm; in excitation spectra show changes of the integral area under the peak at 444 nm
with concentration of Pr3* ions for (c) core and core-shell samples co-doped with Pr¥*, Yb® ions
(d) core-shell singly Pr3* doped nanocrystals; in emission spectra show changes of the integral
area under the peak at 482 nm with concentration of Pr3* ions for (e) core and core-shell
samples co-doped with Pr®*, Yb3* ions (f) core-shell singly Pr3* doped nanocrystals............... 106
Figure 31. Anti-Stokes emission spectra of B-NaYF, nanocrystals (a) core-shells singly doped
with Pr3*ions, (b) cores co-doped with x% Pr3*, 15% Yb**, (c) x% Pr3*, 15% Yb** co-doped cores
with passive shell, with assigned transitions. Presented emission spectra were measured
under 852 nm excitation (1.5 MW/cm?) at RT. Based 0N [189]......cccvvvveevrireeeeirecreereereeneenns 107
Figure 32. Fluorescence lifetime decay curves of NaYF4:0.5 % Pr*, 15% Yb3* @ NaYF,
nanocrystals measured at 482 nm (blue curve) and 607 nm (orange curve) under 444 nm
excitation wavelength at RT. Based 0N [189]........c.coiiiiiiiiiiciiee ettt e 109
Figure 33. Parameters of short and long components of fluorescence lifetime decay curves of
NaYF4:0.5 % Pr3* 15% Yb* @ NaYF, nanocrystals measured at wide range of temperatures at
(a-b) 482 nm and (c-d) 607 nm. Based 0N [189]. .....ccccciiiieiiiie et e 109
Figure 34. Spectroscopic PA characteristics of core and core-shell B-NaYF,; nanocrystals co-
doped with 15% Yb3* and x% Pr®* ions (x=0.1, 0.3, 0.5 or 0.7). PA features recorded for core
(®) and core-shell (O) nanoparticles top row: at 482 nm and bottom row: at 607 nm: (a),(b)
pump-power dependence of PA luminescence; (c),(d) Maximum values of S, which are a
measure of nonlinearity of the PA process (Equation 2); (e),(f) PAm pump powers in a function
of concentration of Pr* ions. (g),(h) Mean values of Day parameters indicating efficiency of PA
process. Average values and standard deviations for (c, d, e, f) were calculated based on a few
(2-4) measurements of curve of intensity in a function of pump power density. Based on [189].

Figure 35. Core NaYF4:0.5%Pr3*, 15%Yb3* and core-shell NaYF4:0.5%Pr3*, 15%Yb3*@NaYF,
nanocrystals characteristics. a) XRD patterns, b) histograms presenting materials sizes, c) core
and e) core-shell nanocrystals TEM image; d) core and f) core-shell nanocrystals high-
resolution transmission electron microscopy (HRTEM) images; g) EDS map and h) EDS profiles
of Yb* and Y3* ions in the representative core-shell nanocrystal [25]. ......ccccevvveeevrevveveeenens 113
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Figure 36. Characteristics of the 607 nm photon avalanche emission in the core-shell NaYF,4
nanocrystals co-doped with 0.5% Pr®* and 15% Yb** under 852 nm photoexcitation. Panel a)
presents photon avalanche emission intensity pump power dependence at various
temperatures, b) demonstrates the highest PA non-linearities (Smax) derived by the algorithm
described in ref.[50] (full circles) and manually (open circles); c) presents maximal PA gain at
the excitation intensity corresponding to highest non-linearity (i.e. Dav(lexc@Smax)), d)
demonstrates PA threshold in a function of temperature. All datasets on b-d) were derived
from the measurements of luminescence intensity in a power density function (a) [25]. ...... 114
Figure 37. a) Energy levels of Pr3* and Yb% ions with transitions leading to obtain SPA emission.
The DRE have been written based on the presented energy diagram, excluding a gray
elements. Simulated PA emission behavior is presented in the panels from (b) to (k). Each
panels show, how variation of particular parameters, i.e. nonradiative transitions (wes, W71,
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